“Calhoun 


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1998 


Electromagnetic launchers for use in aircraft 
launch at sea 


Still, Aaron Michael. 


Monterey California. Naval Postgraduate School 
http://ndl.handle.net/10945/8301 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


: Calhoun is the Naval Postgraduate School's public access digital repository for 
/ (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist : Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published — scholarly author. 


LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 


Fel 
me one 


ae 
set 


4 


Gite yet 


ry 
7ee8 


Pra Sig" 


eee : 


‘ pede 
Ute 


ease 


® 
: 
Oe Bae 


ere 


sa aeel, 
5 


vi 
han 


ves 


Thi 


tes 


Lee a ee Jd 
pao ‘ 


i ' 
ea 
ary 


er 
Oevee tf sabonet one 


# ids #7 1a oe 


fo 


os 
t 


Pot 
e 


. ytanes , 


tye 

ae 
t taes 
sec furet be" 


5; 

a i 
oe S0 sets 
‘ 2 r4t 


“OF "Ohetey 


ity ta'w, 


w deg foe oh 


atey ree 


tsi 


a4 ae 
UP t 


wet 


en 

" Orble tte 
1.94 fone 
vos 


iw 


of eine 
o Dtyeary 
at. , se | 


+4 tate trae t 
e *@ ‘tat stat 


bereed 
ee yé am 


Vesa aon e 


° 
*e #%e 8 an 


tae Case 
Va.t oe Qiitts Jay 


AO asale a at 


Hrd 
‘ 


$n 
Wd ho yanzach 
y eG a | 
sat! ak te 


Mire binds sayy 
; ’ ale bel 185 
1 


"he iis kh 


Ups | a 
LAG “a sane 


* 
fake ay PY fae ake iuiteae 
Ly Dim “tom bag on Ce "p 42 
4 yigeat 
anh se on ake ‘ 
nee S144 eat ode he ot i Hu 
qttitey Sie tate, 
o* Se heacdeat 1 at 
4, fea ms 
Udollayigegs vy 
aget Ore tt er ay 
ascent Hn ey Voller 
ortiy ' obueas 
ye aE Sorin ls to ’ apes neal Sete tad we ae 
fy iF \ Fell at aE 1 Mer 
3 Via lad 1.4. Ane 
eb Aber EET | ee] 
OMe the Me* ayy 


4 
$ 
ute ye 564i 


] 
‘ a Me wn 0% 
iP ce raed Oc dnved 
y a +" eas 
arate ta a 
an ” #40ihs Vite » 
eo tgype un gt 
‘ t@ e.n 
saa Wht est ete 
fie Met tut 9 
Behe ye ler 
tes I$ whan vy: 
iy Prat om 8 Neavacunceel 
aaa Sif tae 
§ 1 te tee lin % 
NO tes Nfs Viteine 
im Toys oe '1eSt gn GA 


Me bhe 


So Ne 808 


Sythe. 
ole 
Ina Bre4a he ga 


Uv ted 
‘ TTY 
Godt rnabeo 


Ve Mite d a adty 


K we 
arr meee PRT ee 
el Me Phas | al 
hide 


tat 


%e 
?, rea Seka wagtet oA 


dussde ste 
fe SMH ef) 


1 1etes % pated! hs igh 


4% s¢ 4 


NaN oor of 
i 
st tae 
fer% fe¥l oo 
“Ube hay 
Beis athe 
ae. ree 


ores 


Mt, 


s 
daa’ ogy 
Fdideg y 
te eey i ae 
Dees Pony 


tag eg} 


Yor tie a 


ot 


Pik 5 Wil aya Witedion 
ei AsPs tom oy mee 
“& WH ae Tong H 
ta tes Madsgope vy Na te 
Vea sp thar 75 ma hate tee 
OF era ae 
"AES, 45%, t Oeleln. ota 
wradnniey hd in 
" "4 oy Bobs Be 
® ixbel 
q fA & oe qin 
Pk pepe Le 
4h e a lawed any 
SiS  Widiod 10 eh ote 
S.Set Myon artean i 
her? Duce ee | 
ape x, eye were Ye 
BA wear) ‘hs 
Bars 20.0. Os oh 
26Orh fi 


i Wo asia ; 
eh Sete mS i age fF 
¢ te EY f are 


Wide i Sy frei da , 
1sa.4 


iy % ba habe 


” 
ie Wee 
Ay 
an 


aa 


4 oP ed Re OT * Dread ee 
Cima * te Yee a 
43 ob 


bn | 


1s yp 


Per) 

Ful 

oe et SA, 

‘ v9 i 

te 08.8 aH oth “a 

one ua yey 

aes Wat Beas 

Yaee 4 her dts yt 


Prey dee as 
rete Se 5 At, as at 
Vg ha iangd a error bce 

ee Tomy * 
iva " ae agit 
$ 1 alt hr 
ele A tT dere 
35° Wings 


‘ 
Aaah > 


Nin ataae 
Jaglal 


a4 ean dn 
i$ hE ites ye 


vere 


onitt 


i 
“aie pee Le Pe ofp ‘ 
Wade AZhs void et ome 
ode 20 soe. Lear rt 


a 3 Madas 
apenas Tire 


nk 


ool aie 
SD etait oe, 
“#4 aS aa ah 
ees do Oe 
aAete dst A tax 
nae naa 
e oie 7.4 


2 ete ga 


age abdala ny 
etel alee Sek 
NAP LE cen ay ay 
i 
aera) 
aad Tee he : 
eae aN ok bs seals 


4, 
he chen ° Bade ub iets 
Siein Seis ae 7% stkrtaee 


es 
ta 1 Me Ne 


a 
S 
ts pat ece Imig 
£OyNaweth eo MLayir, eA 
Ap at om, 
“ He " 
4 Vide dev, 
"3! Cy" get o® Ava ut 
Het HA tebetaest a 
anes, VeF ohgn wet Co hn ae 
a" sa ieee da ‘ptphes »sa 
ay 
te Pane et 
ioe a 
dee e’ 
54%,%. 


Padi Pry: ah? 


ars tag 5 
% hry 2242 ale a 


4 
Fy a 
: ‘ i tect AeMed"bsS Lede 
shtetn dsr, 
oped rset 
‘ 


Aya 
dn ystgh i 

BI dk, 44, abide 

Ce es yee Sort pais she ~~ A een ceehe teak 
2 agel Me Forte D Rabed oo Big ema 
Wlaelbubsce oe? Xo in ude gen ere et 5 
ey ae e%ay setae dus. 4.4 ale it ne 
thgxe 


‘' Men's 
Ming ott lam. tem em 
dOe VeO>E Se honk the 


Nieay Geb 2e 0 Ashe. 


‘ toca, 
sYgtelay 1 wee ye 


e3d4 acl 
iat . 
Cable get 


Nisted oh ¢ 


tetitenm bia | 


So “. 


A oie ge gne 
Al dered 


iad Metals a 
tat ber STALL, 


Co . 


PT Pea 


Dy 090 bd erg 


4 


’ 4 
, legs 


“ea 
SFshb4an 6 


at re 


Fant 
dibs 


oy 


% Seu 


ig 


(rae 

a 

Arr 

ia. Os etes yom 

Ne Seah ft Pestse 
mp ag 

vob Monee 


ei Sans ‘aoa 08 


FB areren* oigie 


4 
e "a 
, 
« acnee %% 
FA 4 Jets 
sda res Pr 


sage ey) std 


By 


s 
Thr ae taQer Sbane 8 
ear Sane! 


< 


grata ee 
get 


P 
Coast eand 
at 5 ah ee 


a Dedarg de, ee iu Ay 
bees 


‘@s ie Nedon Se eo hatha) 
< Win, 2% ft og) 
16°) Fat eH, 
ubbe Sah Act 
Stetavys a 
¢ 


porels > 
tSoid GS qwdet 
@ # paibay eilged 
ete 42 sete 
Herida Pad, See. 
te? O6 [eng do hk 
ea 1h aGe agily dns 
DoF Dee galas d 4 
Mt dubs beta ll 


Avie 
"se 
‘ 


etna 


= b Tees © 
Srda fed 
at mascnal 
id “Mony, 


be ots 
t fe Leden 
of J 


eet at had, 
oh %4 


Crees 


. es 
herath NE Oe ee 
And ody Ber teds fi, 

Mesitets a 

+ S4.a, ne “ 
is ede 


at 


Patag 
ou? a8 


> MP mates! Nai WPes 
a A | 
ae 
hs 
ie ht 
4 
is ts 
“at le lean’e? 
. {ely Neushy Ae 
8 Glog ates ag » 
AUaO tated boord aa 
Asta 9 AModdd hake 
: > 4 
ot sean 
786s whe tse Tis, 
ine “4 


Jt ines 
Nevody ate tyhen 
er 
34. 
a¢ the an igs D> 
al od RIT TUE ste 
© %el us * 


2% 
stot 


ts EY it 
We ant 


yer! AHF 


lag 
La Jel 
Hoes Dire ye gon 


ety 


’ 
‘ye 
ato em 3 
aS red aut gts 
s ee oe er) 
ts 
ame le ig ty 
"fect gitae 
“Pr nas oo 
Hives ct 8 ap ae y 
Evie wee" Gi 
stave Phd wey 1 
& Hoe 


t 
“hay, 
at at 


Fd Hatgaee 


] a | 
é ratesy Aas 


me OT ae Mp gt pen 
1 asee 


¥°tg,e . e phe 
we eran ¢ Fas rr catsie 
pile ras war eeeys re 
ube mel ol 
. Za ettoag as 
ans0'g reetses » De 
es gtteg ete 

ited ’ rt Xe 

s @teeens ‘ 
LZ ee Y . 
ans gt : rant ips 
‘ ff 
ifs ag ade HP ‘dis at 
if 


é 


a 
mo 


i) y 
as 

ify 

Ha aa . 

pisrytyt Oe Vu r+ a | 


wortarwe S32 
Met QUIEe Gee me Dged gid Mates ya! 
é ma * ah 


ape 2ti, 
@ é0 4} 


i 
ead eLnaneee 
jets pata bald IL 
ee aeneetae nei 
o2 te gute 
weal ‘ et 
a ie iy oe 
bE stares 


weaane +% 
13 4 e of pet 
OUi9en sx 


Pe eae, 
PaO yNetn 4 


TLL Pol | 
meets wee UL Vhs et igs, 
Fi ” ' * seedetu tas ste tase? 


‘ t{ 

a? tpot> 
we! ait hd tie oe 
nels! pAaehe . 

Gobiatte' gs 
LaF Ja] 
‘ UNG At 
Pree ebtelt 1 
Whe yaZ 
ae xe ite 

+ iy * . 
* ati! Caste tga e 
ro Hen at ole a 
te Piven ' a Deg 


we tot 


o*h thee te, 


v1 


raed ye 
thea ae 


hy 


” 


| 


nee 


or i aa . 
rs ee Vetae 


vie" 


ured athe 
SA 
HH hye bee r 
on : 


sce sty 


“Ogre tdiges ae 


¢ 
oor ety 


°h 


“1% 27! 


oWes-, ny 
er Aran 
' 


og thy ager ety 


§ et wrareas ¢ 


nt elrgs 


ye neyo . 
Mee e502 at's a, 


S'F ater pty TEES 
fea 


Pr 
dee “ty 


t"e Pea Le 
mpheny wu an 
arte get et 


Spe tieny 
Lire ae 

Yate 

er 


ay 
Tawerse 


f a 


2atty 


fe i yeuee 
at ay i ay" at ae 


do ery 
a tal ghge ° fest 
AC Eta oa qeal 


‘ 
A hal ste De oy rates 


Any 


w pin, . 
get a Ntes 
Che Ae Soe | 


+% ov 
Heiney 1arye * 


1% 
Jee Baas 


es a . 


wer, 
orate 4S ay 


# gy 


(ee peasy 


we 


, fea 
fay, Bi 


opine’ eyo 
Aieegis 


sre 


* 


oF 


ay 


acer + pt 


fed 


is 3 Hh 
wsseth 


ara¥ at pueetsH 1 


what 
de 

“y ? ante he 
Ad we tiie aes 


ry i sia 
Woe seas , 


ons ht © Sag 48, 


me 


4a gtorterge 


ofa? 


Bae 


Awe, f 


™ 


! 
- of 
.4 
3 
¢ 


=o 


HH ied 
sep hety 
7? 


“tg? s° “93 ‘ 
Tage oS i tds 


aay ae © 
Rin ot 

eet ene 
PASE oan { 
* Fare V9 54ipe gs 
NE sYahpayr ns 
algepige #2 08 
thatgte 


’ ur 


: +47, 
a pea, a3 oe AA sgratgit 
ee aK 
AF ay 
° 


UisS FM, 
cosh gore gad fy 
std \e tag uate, 
Taw 18 4's ay 
ZF 8 Seno y 219 
ha? go te 
atgeyyyts ya’ yey 
‘ett thes 
“ae “Ua ety hn’, 
weak se ? 


e tutetinile 
Xe g Coed ee 
se ob etae 


4 


' ie . 
Vagetedety .y% 21 


* ae oe 38 a 
Lathe? 4 ee 
oe Benne 
‘ aver 
hart bey | 


cad 
est 


i 
pee iy 
yay we 


fr 
‘rents aera’ yr 
epee yee Li 
Hod oughegs,.. 


aatat 2. tartan 

4% Tyee ftat yin ty i! 
ie ky 3° 

barge mone eae 
Hire P 


‘ad 

Vdatatstety 

abate 
* uae oe 

SAV euwAuny gaye wag 
Le i 

Pet pace aita i 

aye om 

a4 


AM og 4a! g2wey 
woe get sh 

Patient 

ayes * 


. Rey 
Ffeea shy 
4 v 


ri] 


sere Ho pe 
tye key 
i2sbt 


ed ee ° 
ve ee 31 Gives 2 
WN afy 2858 pe 
¢ Sie saytey 4 
ts 
id itt 8 7dQ0 108 
* fe rt ny 
t ine PE 
Wied ene 
bEmy 
a dete gigs, 


tere 
» 
A tit key " 
<a Ma 
re) tata 
Krieg | austen? 
. ee 
Wf 884e, 9g 
hen “Seta 


1, MELD Pre 
| 


Hy 
Efe a'an tn key 
floats 


rates) ipyae 4 
oat 89 H89, 
elie tyne 


“tate, iota! 


; Be 
if! 7 io 


“a2 oy 
iat Bee 
ey ie Ly 
Ven Bhat : 
‘ate pus 
wheat tet 
yebiasa 


pap) Phe Poa 


iy 
eee) By eee ' my 


ee 


& 
seas 


, 
Se avs, phate 
Ar 1a, 


rr 


peti wm Suey, Se 


¥, 


Re 


wed vateae: 
yeas £ tyr tesesmy o- 
L phy ie ht 


Be 
fin Aa, 


side 
e 
a4 


ithe siiehs 
pees 


:$ Ley ges 
picker rirtony ead >: 
eo adsbet 


adey 


s* cy) 
meres mek 4G 8S 
«! 


Ao 


Sadak 
ry 4 feats 


AGIs Lt & 


ona te bes 
Fam Sere « 


ta ROOD: shee ey 
nog? Yad imars els 
ote* . ae 
but ah t Vet wy 
Werle) ee 
CRO ee Se | 
Se bites. 030,5,4, 4 4g 
* $e aia Ae*esatt r 
he Pat] LA are om US ee” 5 
7 siMutge Rote ode teay hn 9h, 
Bowe tee 


nae 2 eh nay 


ee AP ee . 
ee ft ae 
seater 
‘4, tie: an as ; 
AaS.hen weed 
eras te 2 sO Aad 
PAL. Tang 
tet Marek 


ob *eadetag 


ey a G9 
pede me 


aie 


= etatel 


rar. at) 
nattae t 


od ofe 


BAe Tey hdh het 
may! fee 


s*, 5 e 
Big Me Es 


rete 
ay' ihe 
Vel Fig? 4 ohae 


tf 

Adie ‘iene 
Db, aru mat Se, 
ie Oe baad Uy 


Saku eegne yh 
S352) oa tad Bc) 
ae ‘cy: rs 


vy 
ew i se ‘ 


ley ie, 
tye CCL ot 
bial Ae yas # Sones 
sit i it aes 
ae 


i= 
aoe hak, ¢ 
te eek Ase 
Wa arses po309 3 
Pee 
Wis peqsatseeeet 


eH 


He 
eens ebay aes 


iy Soot 
dome’ . 
cise ge 
eee Wy 
Hehe bo} erie 
z% Nerentetcs ° " 
aie oe) 


ait tia 





DUDLEY KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOOL 
- UNTEREY CA 93943-5101 











Electromagnetic Launchers for Use in Aircraft Launch at Sea 


by 


Lod 


Aaron Michael pal, B.S.S.E. 


Thesis 
Presented to the Faculty of the Graduate School of 
The University of Texas at Austin 
in Partial Fulfillment 
of the Requirements 


for the Degree of 


Master of Science in Engineering 


The University of Texas at Austin 
May 1998 


PS Arc ve. 
Aa.oy 
TOW, Ae, 


DUDLEY KNOX LIBRARY 
NAVAL BOSTGRADUATE SCHOOL 


MONTEREY CA g2943-5101 


Electroma 
genetic Launchers for Use in Aircraft Launch at S 
ea 


Approved by 
Supervising Committee: 





Acknowledgements 


The author would like to thank his adviser, Dr. Mircea D. Driga, for all of his 
guidance and the in-depth knowledge that allowed for the completion of this 
thesis. Also, the author would like thank Dr. Martin L. Baughman for his help 
and comments. Also, the author would like to thank Mr. Raymond C. Zaworka, 
Jr. of the Center for Electromagnetics at the University of Texas at Austin for his 


expert advice and assistance. Finally, the author would like to thank Mr. Joseph 
A. Gandell for his technical assistance. 


Aaron M. Still 


The University of Texas 
May 1998 


11] 





Abstract 


Electromagnetic Launchers for Use in Aircraft Launch at Sea 


by 


Aaron Michael Still, M.S.E. 
The University of Texas at Austin, 1998 


Supervisor: Mircea D. Driga 


The purpose of this thesis is to investigate the feasibility of an 
electromagnetic launcher for aircraft launch at sea. To accomplish this task, the 
performance requirements and physical constraints for an aircraft launcher were 
determined. Also, a review of previously used aircraft catapult was completed. 
In addition to this, an investigation into previously designed electromagnetic 
launchers was done. A review of electromagnetic launcher theory is also 
necessary. An investigation of different power systems was done. Finally, 
experimentation into the practical use of electromagnetic launchers must be done. 
All of this investigation led to the conclusion that the coilgun type of 
electromagnetic launchers meets all of the requirements to be used to launch 


aircraft at sea. 


1V 
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SECTION I: INTRODUCTION 


The purpose of this thesis is to investigate the 
feasibility of an electromagnetic launcher for aircraft 
launch at sea. To accomplish this task, the performance 
requirements and physical constraints for an aircraft 
launcher must be determined. Also, a review of previously 
used aircraft catapult must be completed. lngadd lL bmemeg cO 
1S Gu dlscar an investigation Eine © previously designed 
electromagnetic launchers must be done. A review of 
electromagnetic launcher theory is also necessary. Along 
with the theory, an investigation of different power 
systems must be completed. Finaily, experimentation into 
the practical use of electromagnetic launchers must be 


done. 
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Chapter 1: The Need for an Electromagnetic Aircraft Launcher 


Wich clas Gllaieecrs cs nation cin) anmitere Pence Monedt cin yma 
United States Navy has many modernization issues that need 
to be addressed to meet its ever-changing strategic goals. 
The missions and threats of the next century are not very 
apparent. The lack of a specific area of concern does 
allow the United States Navy to address three areas of 
known concern. 

The Ttimst of these issues 25560 Gonveunm Ene -recusme: 
the Navy from a large global threat by a powerful nation or 
group of nations (e.g. the Soviet Union and the Warsaw 
Pact) to smaller region threats from a variety of foes. 
The later of these threats is referred to as low-intensity 
Cont liet = Im erder tO Dprepars LOee] OW-ImbenSmey ecOoneleteGaas 
the Navy’s platforms must be able to perform a variety of 
missions both independently and within groups. 

Another area of concern that the Navy must address is 
efficiency. In the era of the Cold War, the efficiency of 
a system was secondary to its reliability and its 
performance. Thesacage “ar Ltsaam’G bDreke, dom tania 
would accurately describe the goals of the era. In the age 
of decreasing defense budgets, the priority of efficiency 
Will join reliability and performance as equals. Oude 
inspections of many naval vessels will show modern systems 


next Ee, systems that are decades out Or date. 


I] 





Unfortunately, the older systems are not only inefficient 
in regards to their intended purpose but also inefficient 
in their use of space. More compact systems with higher 
efficiency would require less manpower to both operate and 
maintain. This fact is very Significant because the crew 
is one of the most expensive components of the ship. By 
designing new systems that are more efficient, more compact 
and reguire a smaller crew, the volume and weight of ships 
can be decreased thus making the overall system more 
Geel e ment. . 

[ees cimal area Of Concern for Ene Navy of “tne wc. 
GCeMulry aS Maintaining its technological Superiorizy ever 
1ts potential foes. In fact; LtAis £ilneal Conmeern sheoulawec 
all of the incentive required for modernization of the 
fleet. 

From these three areas of concern, the Navy can focus 
Pict@uehn@oarts in many directions. One such direct ven ecoma 
be to design new systems that continue the advancement of 
technology without a decrease in productivity. Another 
direction could be to develop more efficient systems to 
replace older systems that waste precious resources such as 
space, weight, energy and manpower. A thie SC iseeecr ten 
could be to replace existing systems with newer ones that 
have more flexibility. 

The current system for aircraft launch at sea is one 
system where all of these goals can be achieved. By 


replacing the Gurewena steam Seca olllbiets with an 
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electromagnetic launcher, the Navy can have a more 
efficient system in regards to weight and volume. Also, 
the electromagnetic launchers will waste less of the ship’s 
power. These more advanced systems will require less 
manpower we, operate and maintain. Pinay, the 
electromagnetic launchers will be capable of use for a 


variety of aircraft. 
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Wisner Verrat2On or 0 tO 1.5 m/s, %e7 cycle time of 45 
seconds, and a maximum peak-to-mean tow force ratio of 
LigeOD One of the more important requirements of a new 
launch system will be to increase the system’s energy 
efficiency without reducing its reliability. Lastly, the 
new system could not be nearly as maintenance intensive as 


the current system (Doyle, 528). 
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SECTION I: PREVIOUSLY DESIGNED AIRCRAFT LAUNCHERS 


This section contains a review of the various aircraft 
launchers that have been either used or designed. Chapter 
ceeeeomotmoes OL aleovetrall MrSlory sek cine alrcrare Calapurc. 
Chapter 4 is an expanded explanation of the flush deck 
catapult. The current steam catapult is discussed in depth 
in Chapter 5. Chapter 6 is a discussion of the original 
electromagnetic launcher called the Electropult. Chapter 7 
is a review of a design for an electromagnetic launcher 
Efate was proposed in the i970’s. Finaliy, Chapter <3 
discusses a design for an electromagnetic aircraft launcher 


trom etme 1990's. 
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Chapter 3: The History of Aircraft Launchers 


Ever since the airplane was first dreamed, man has 
thought of ways to get their airplanes into the air. To 
meet this need, the catapult has played an important role 
in the development of airplanes. During the early attempts 
by the Wright Brothers at flight, the power of gravity was 
used to assist their takeoff. By sliding down a sand dune 
while being guided by a railroad junction, gravity brought 
the plane up to speed at which the engines were able to 
take over. In the same era, Dr. Samuel Langley was working 
on a more powerful and complex method for launching a 
manned aircraft to be able to fly under itS own power. 
While its was extremely well funded, Langley’s catapult 
teamed miserably (vablonsky, o3=4)". 

When the Wright Brothers moved their operation inland 
and away from the sloped sand dunes on the beaches in 1904, 
they followed Langley’s lead by designing and constructing 
a catapult launcher of their own. Because of their lack of 
funds, the Wright Brothers took a more pragmatic approach 
to their launching mechanism. While Langley’s failed 
design was based on a spring mechanism, the Wright Brothers 
again used the power cf gravity. The gravity catapult that 
they designed obtained its motive power from the inertia of 


the falling weight, rope, and pulley apparatus that was 


ley 





attached to the front of their airplane. When the weight 
was released, the kinetic energy of the falling weight was 
transferred to the aircraft by means of the rope and pulley 
system. This force dragged the plane up to speed and into 
mie Marwan a much shorter distance than “their ~prevw#ous 
@esigqn of glace raibroad junction (Miller, 199). 

As the viability of flight was becoming proven in 
earive apelin: Mthe 20°? century, the military became 
interested in the uses of aircraft. Deaaiggkey (Meglio! hpetie IL - 
the military used the new technology of aircraft for 
reconnaissance and some minor bombing (“The Steam Catapult” 
Lie Seeing trese military applications Serpmarrerare, = ere 
United States Navy took an interest in the use of aircraft 
in modern naval warfare. While a majority of the Navy’s 
admiralty envisioned the use of naval aircraft ina similar 
Nemmer LO ehadtmsed sain World War I ({1.e. SCOURENG; = minor 
bombing), some others (e.g. Admiral William Sims and 
Brigadier General William Mitchell) envisioned flying 
Squadrons of» aircraft that would make the ‘traditional 
battleship obsolete (Miller, 199). 

With the uses for aircraft in naval warfare still 
either undecided or unknown, the U.S. Navy began research 
InGeoessmme-based aircraft. After devising a method to land 
planes onboard ships known as aircraft carriers, The Navy 
and many independent entrepreneurs began a massive research 
and development program to find the most effective way to 


launch the planes from ships. It should be noted that a 
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shaio waelth a runWwayethat is e@#ong enowgh for whe aisemaft to 
take ObRSOnm@ehei rb sown. would bemteemlong fom pracmicalmause, 
Pine a “ratleQ inital test ineethe “Summerggot 191277 a 
catapult powered by compressed air was successfully tested 
in November 1912 and was able to be fitted on the larger 
ship in the fleet including battleships (United States, 
ae 

The compressed air catapult worked in similar manner 
CemeeniCn Wight. Breishers’exgravaty -catbeapumkes with thempediiang 
weight being replaced by compressed air. The paston that 
held the compressed air has a stroke of 40 inches and was 
designed to bring the plane to takeoff speed gradually. 
Attach@ng Sees plane to thewcompressed ame righ mecqguiredmme 
cable that was wound through the series of pulleys and was 
fixed to the piston at one end and the shuttle at the 
other. The aircraft was held to the shuttle by a 
retraceeple metal fitting that was tripped at the firepe cf 
the catapult. When the piston was fired, the cable pulled 
thempitene »alengma 3S0=foctelongelaunchino wall built “enm@rer 
Ofm@the lange guamtusmeets and intemthe airw(Skerremt, Siz). 

With the development of the compressed air catapult, a 
mobile fleet of aircraft was becoming a reality for the 
US cama iyic During the years between the world wars, more 
research took place yielding Six more experimental 
Catapults. Finally, an ideal catapult for the earlier 
carrier was created known as the flush deck catapult. 


Despite its positive attributes, the flush deck catapult 


Wy 





was becoming outdated during the war (United States, l/7- 
Lee As World War II intensified, the planes became 
heavier from an increase in armors and weapons. eats 
Substantial increase in the weight of the planes being 
launched from aircraft carriers, the development of a more 
powerful compressed air catapult was needed. ie fale) 
this need, a new form of the flush deck catapult was fitted 
on the carrier on the Navy fleet. This new flush deck 
catapult was 96 feet long that was capable of launching an 
ome ce ibs arrcratt at 79P knots. “A cConcanwonmedt cpl twewes 
also installed that was capable of propelling a 16,000-l1bs. 
aircraft into the air at 72 knots in a space of 72.5 feet 
(United St@ates, lem). While these new catapults were 
able to meet the need of the Navy fleet during World War 
II, it became obvious that the invention of jetpower would 
make the flush deck catapult obsolete in the near future. 
Because of the growing need for a more powerful 
aircraft launching system, engineers pursued two new areas 
of catapult power: electromagnetic and steam. in the matd= 


1940’s, the Westinghouse Corporation began work on an 


arBenmatit launcher eos ie drew ates power from 
electromagnetics. in 1946;,"Sa" pretotyee Of Pint sme euneme. 
Wesmebuili@tor testing. This new launcher known as the 


Electropult. Tne Blectrooult “ereduweed a thruse of SUmiarae 
a speed of 60 m/s for a power output of 3 MW but only at an 
Overall feniverency of signiticantly less™tnan 50%" While 


SounG in WekHeory, tHe Electropul=l proved” t0 “be an 
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unsuccessful attempt to replace the flush deck catapult. A 
more detailed look appears in another section (Laithwaite, 
VeeeteS 5 ) 4 

The other power source that was being considered to be 
use in the replacement of the flush deck catapult was 
steam. The majority of the work done with a steam-powered 
catapult was done in Great Britain following World War II. 
in 1950,metThe British Royal Navy demi secdieaarevol wk lemamy 
method to create the necessary power to propel the massive 
jets and planes from the deck of the contemporary aircraft 
carriers. This new design was known as the Steam Catapult. 
The U.S. Navy quickly tested and adopted the steam catapult 
mm O54 [er Se aboawemNts abrcrakt. carrivers, The design 
adopted in 1954 has undergone only a few minor improvements 
and 6 (Sie i11 in wee to@ay (United States, 26). 

Though the 1950’s and 1960’s, the Navy seemed content 
Wied bie =@errormamee Of Ehe “steam Catapuebt. “Dnlthegto90°s; 
the Navy began to explore new avenues in aircraft 
launchers. With the developments of linear motors in high- 
speed ground transportation, the Navy began inquiries into 
Similar esechnoleoles —foreaircraft catapults. These new 
electromagnetic launchers promised higher efficiency and 
thrust rates with lower weight and volume. iim cchedr 
efforts to explore the electromagnetic launcher, the Navy 
received proposals from many research laboratories. The 
most interesting of the designs was submitted by the Center 


for Electromechanics at the University of Texas at Austin. 
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Their approach was a linear asynchronous motor without 
Sslaeging Geweacks. This design promised to be the most 
feasible replacement for the steam catapult; however, the 
navy never followed through with their investigation 
leaving the electromagnetic aircraft catapult on the 
drawing board (Weldon, 1-2). Pere Ommmenis design will 
Boikow in anoener Section. 

It was not until the 1990’s that the Navy rekindled 
their interest in replacing the steam catapult. With 
shrinking budgets and advances in power electronics, the 
Navy relieved that the electromagnetic launcher offered 
enough benefits to explore. As a result, the Naval Air 
Warfare Center and Kaman Electromagnetics began a study 
into the electromagnetic aircraft launcher. This study 
concluded with the design of a linear synchronous motor 
With a power system of four disk alternators and a 
cycloconverter (Doyle, 528-529). A further investigation of 
PRPS ecOnranuing Study Ecllows in another section. 

With the new research into electromagnetic launchers, 
the history of the aircraft catapult appears to be adding a 
new chapter. From the Wright Brothers’ gravity launcher to 
the flush deck catapult and the steam catapult, the changes 
in assisted aircraft take-off seems to progress at a 


parallel rate as that of the aircraft. 
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The Progression of the Catapult with Respect to Delivered Energy (Doyle, 


Figure |: 
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Chapter 4: The Flush Deck Catapult 


In 1935, it was concluded through experimentation that 
a compressed air catapult provided the most effective means 
of launching aircraft from ships at sea. It was also found 
that this compressed air catapult could be installed 
beneath the deck of the aircraft carrier. The name given 
to this compressed air catapult was the flush deck 
Carawule . In a space of only 34 feet, the flush deck 
catapult was capable of launching a 5,500-lbs. aircraft at 
Someors (UMlueca ocates, 13). 

In order to change the current compressed air catapult 
into the new flush deck catapult, only one major change was 
needed. in place of the retractable metal fitting That 
secured the plane to the catapult shuttle, a metal cable 
known as the bridle was attached to the aircraft. Then the 
bridle was looped around the spreader which is a metal 
finger that protruded from the shuttle beneath the deck. 
When the catapult was fired, the shuttle dragged the plane 
by the bridle along the deck of the carrier and into the 
ave 

There was no comparison between the flush deck 
catapult and the older methods of launching aircraft from 
ship that included the turret-mounted catapult and simply 
daiteemem ene planes off the deck. The most important 


feature of the flush deck catapult was that it required 















— <> > a= i 











—_ 










= =~ | — 
——— ee | ae « cae 
"Ti a 
@qEEw~ Set 6s 8S ~~ 
eee 
ee eee SS — 
le ON a TS a a a ela 
A ty i ee LE a 
Tt ea ow a ~« & 
on” ol «a Re oe alee C= apt 
==> «3 eas es & | =] = — 
7 a —_—— A {> a -—-—EP = © 






















—_— — Wha ST ea > —> 
=_— — Se —— — 
SS ~~ aaa <-> =e> — 


es eS => —_> 2: 





very little space on the deck. This allowed the carrier to 
have more planes on the deck at any one time. Another 
important feature of the flush deck catapult was that it 
made launches more controllable. This was especially true 
in rough seas. Also, the flush deck catapult made it 
possible to precisely time the launches with the rocking of 
the boat. This task was difficult and extremely dangerous 
auring an Utasststedw@aunch. “Also, the flush deck camaowiE 
decreased the need for lighting aboard the deck of the 
carrier. The flush deck catapult allowed pilot to take off 
“plind’”’. This was important because it did not make pilots 
rely on dim lighting for take-off that decreased accidents. 
Perhaps more importantly, with fewer lights aboard the 
Carriers were less likely to be seen or accurately targeted 
by enemy ships (United States, 20-22). 

The flush deck catapult performed a very commendable 
job during the early parts of World War II. During the 
later parts of the war, the flush deck catapult needed to 
be upgraded to handle the heavier aircraft being used. The 
upgrade increased the length by 38.5 feet to 72.5 feet 
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Chapter 5: The Steam Catapult 


The United States Navy has been investigating the 
possibility of replacing the existing steam catapults on 
Current aircraft carriers with electromagnetic launchers 
(D@yep 573) > Then current Cl3-1. steam catapuhivevs. As Diamacen 
on the shap'ss power plant. Among the reported 
disadvantages of the Cl13-l1 are its excessive weight, its 
dependency on the ship’s central steam plant, its volume, 
the large amounts of fresh water consumption, and 
maintenance difficulties (Weldon, 1). 

The steam catapult 1S approaching its operational 
iio: ee ees Current. and. future Compl ements 6 ft saaine 
Carrier alrwing. There has been a trend to build heavier, 
faster aircraft that will results in a launch energy 
requirement that exceeds the capability of the steam 
catapult (Doyle, 9228). Also, the steam catapult is not 
flexible enough to decrease the amount of launch energy is 
provides making the steam catapult incapable of assisting 
Gees OmueitmaoOrt and landing .aircrait. (STOLL) conrenmer, 
usegwby. the U.S. Marine Corps. 

The existing steam catapults logated on glass. Navy 
aircraft carriers consist of two parallel rows of slotted 
cylinders in a trough 1.07m deep, 1.42 m wide, and 101.68 m 
IRovatapre The steam catapult is located directly below the 


iiliGgapececk (Doyle, 528). 


26 





As the name implies, the steam catapult is powered by 
high-pressure steam. The steam 1s used to drive the two 
pistons through long metal tubes called power cylinders. 
Bach piston is able to maintain steam pressure behind 
itself and simultaneously allows itself to be fixed to the 
shuttle that tows the aircraft between the power cylinders. 

This is accomplished by a part of the piston called 
the connector that has two functions. fhe Liver gebiweriren 
of the connector is to connect the piston to the shuttle by 
means of branching out of the top of the power cylinders. 
Dhies se@eoendmfunction of the connector is to Mannepubate see 
sealing strip. mae sealing strip is»a flexible ‘Staaipomes 
metal that runs the entire length of each power cylinder. 
When steam pressure 1S introduced into the power cylinders, 
the sealing strips are forced against the opening in the 
top flange of the power cylinder. Therefore, it is 
necessary for the connector to both unseat the sealing 


strip and reseat it to maintain pressure in the cylinders 


as the piston moves. The bearing pad and the guide perform 
the unseating and reseating of the sealing strip. The 
former displaces it while the later resets it. To provide 


a means of attaching the aircraft to the pistons, the 
wheeled shuttle is linked to the connector assembly and 
then secured. A bridle is attached directly to the belly 
of the aircraft and is hooked onto the spreader bracket 


that protrudes from the shuttle beneath the deck. 
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There are many other operations that are necessary to 
launch a plane from a steam catapult. These other 
COpereametons=must folltew a specific “order camledmthe “faunen 
sequence. The first thing that must ccGUR iS that the 
plane must be positioned above the shuttle and the bridle 
musi alksO be attached to the aircraft. At the same time, 
steam 1S transported from the ship’s boilers into the 
accumulators just below the power cylinders. The amount of 
steam depends on many factors that include the weight of 
the plane, WL CCG imetonS, and the ship’s speed. 
Simultaneously, the exhaust valves in the power cylinders 
are opened to release any pressure that has built up behind 
the westons. 

Meanwhile the holdback and release units are attached 
to a cleat on the rear of the aircraft and the grab is 
attached to the rear of the shuttle. These two components 
Seemrne trigger Of the catapult. Then, hyd@auilic Mure: 
feed into the ram assembly behind the grab which will push 
the shuttle forward, tension the bridle and readying the 
plane for takeoff. Now the Jet blast deflectors are 
raised. After a series of commands of the flight deck are 
Given, the power cylinders are given some oil and the 
launching valves are opened to allow steam into the 
cylmmder behind ehe pistons. When the holdback unit is 
released, the pistons are pushed forward through the power 


cylinders. This final actieonmeumes the attached alrcrait 








down the runway and into the air off the deck of the 
carrier. 

At the end of the runway on the flight deck, two more 
GeO SiiOe Cur. mie first acElon: iS — thateeaeh Oneeene 
pistons ram into a water-filled chamber known as the water 
brake at the end of the power cylinder. This action stops 
the shuttle and releases the plane. Due to the shape of 
the front part of the pistons, the water pressure inside 
the water brakes increases very quickly that will stop the 
piston in less than six feet. Meanwhile, another crucial 
ACEIOnwOSCUrs., The bridle arrestom)at the front or “the 
Gaiataster “sniagoS 9~the bradie breaking» its Links to were 
adneeieat t . These links are designed to hold under the 
pressure of a launch and to snap away at the jot given by 
the bridle arrestor. After these two actions happen, the 
catapult can be reset to launch another aircraft (Steam 31- 


AT 


Figure 2: Steam Catapult Force Profile (Doyle, 532) 
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The steam catapult has had many years of operation in 
the fleet and has performed its assigned tasks; however, 
there are many inherent drawbacks in the steam system. The 
most important deficiency is its lack of feedback control. 
With the absence of feedback control, the steam system 
incurs large transients in the tow force of the shuttle 
that can damage or reduce the life of the airframe. 
Because of the lack of feedback and the unpredictability of 
the system, extra energy is added to the system to insure 
the minimum launch energy. This also tends to increase the 
unnecessary overstress on the airframe. TE a ClLOseage oop 
control system was added to the current steam system, this 
control system would be very complex to significantly 
reduce the level of the thrust transients. 

In addition to the lack of feedback control, there are 
many other drawbacks to the steam catapult. The steam 
system has a volume of 1133 cubic meters and a weight of 
486 metric tons. Most of the steam catapult’s weight is 


topside weight that can adversely affect the stability of 


the ship. The steam catapultsS are very maintenance intense 
Pew Inetrrerent (4-638) . Also, the present operational 


energy limit of the steam catapult 1S approximately 95 
megajoules. The operational energy limit needed for future 
payloads could increase by 30% that would push the steam 
system to become more complex, larger and heavier (Doyle, 


5262). 








Figure 3: Diagram of the Steam Catapult (Navy) 
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Chapter 6: The Electropult 


One ops the earliest linear iG elelereme yg motor 
applications was as an energy machine to launch aircraft 
heom aarerare Carriers (Boldea, 41). In the usual way, an 
aircraft can have the entire runway it needs in order to 
reach take-off speed. However, under some special 
circumstances the length of the runway is severely limited 
particularly in the case of launching aircraft from 
ameerart Carriers. In these cases, assisted take-off is 
used to give the aircraft a thrust to augment the 
pDeCcousmens of. the jet engine or the prepelilen. As an 
application for linear motors, the required speed is high 
enough, but also the thrust needed is very high usually in 
tienemghbemheod sof 50 kiloNewtons (KN). To obtain a 
thrust of 50 kN with a speed of 60 meters per second (m/s) 
means that a power output of 3 megawatts (MW) is needed. 
At this power level, the only viable solution is to use 
what is referred to as a short stator machine. A short 
rotor machine would require hundreds of meters of energized 
track that at the time would involve the output of a 
moderately sized power station (Laithwaite, 153). A short 
Stator machine is a linear machine is which the moving part 
iSENCmCeetOrnmihat 1S Meh -asSeelendg them tes .cerresponding 
LO@POr’. Pa illustratiommmer this concept is shown below 


(Laithwaite, 59-61). 
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Figure 4: Short stator (a) and short rotor (b) linear machines. 
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Towards the end of the last war, the Westinghouse 
Company of America constructed an aircraft launcher of the 
short stator variety. The prototype tested in 1946 was 
called the Electropult. 

In the Electropult, the stator winding has now become 
the moving member. There was a penalty to be paid for the 
m@ving OL the stator. Three collector brushes’ sliding 
along the slip tracks were used to supply the power input 
to the moving carriage. The use of these collectors led to 
considerable problems with the current collection in a 
system of ears size. The current per phase was 
approximately 7,000 amps. The synchronous speed of the 
field was 100 m/s. Unfortunately, this was not the only 


problem with the Electropult. 





Figure 5: | Schematic of the Electropult 
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Figure (5) above shows that the layout was that of a 
Single-sided motor where the magnetic circuit was closed by 
ERe™ rOEOR TEen Catry  1Gmeiece GOmen LoarS i1nasshetsZ It was 
assumed that the slot width was equal to the tooth width 
and also that half of the flux per pole was carried in the 
exreice™ Using these assumptions with a supply frequency of 
60 Hertz (Hz), the pole pitch needed is 0.82 meter with a 
E@EOr Comemceo eh some 70 cm ; In ada tion totems, ene rower 
Sl@t Cesehwand@ehe runway must consist of the slab or iron 
of around 1 meter wide and 0.3 meter thick and must contain 
Slots to hold insulated windings. The last section of the 
runway was used in conjunction with D.C. braking that used 
10,000 amps in order to bring the carriage to rest while 
the aircraft went on its way (Laithwaite, 153-154). 

In 1946, two Westinghouse Electropult runways were 


built with one being one kilometer (km) long and the other 
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permg 1.5 skm Long. The motor developed 10,000 horsepower 
and attained speeds over 225 mph. ALO, GOC=lbs. Vaer 
aircraft was accelerated from rest to 117 mph in a 540-ft 
run in 4.2 seconds (Boldéa, 41). When themeyvowamectropults 
were tested, many problems occurred. One of the problems 
already $imenesonea was the sliding collector brushes. 
Another serious problem that occurred was that the magnetic 
pull for a 50 KN driving thrust must have been accompanied 
by up to 500 KN O£ downward Gerce- This downward force 
effectively multiplied the weight of the aircraft by a 
factor Giese 

Perhaps the most unattractive feature ong the 
Electropult that arose during testing was that the motor 
was not Seige GUpeeieececesemoetom alne of slip G@nsistent 
with the running economy. The carriage and aircraft never 
reached synchronous pen euring the laumch. Ie 
Synchronous speed had been reached, the energy consumed in 
heating up the runway would have been equal to the total 
kinetic energy obtained. Since the synchronous speed was 
never reached, the heat energy exceeded the kinetic energy. 
Actually, the take-off speed was only 66% of the field 
speed. Therefore, the overall energy efficiency of the 
Electropult was less than 50%. 

Eventually, the Electropult project was abandoned 
because of the high initial costs and the development of 
the more efficient steam catapult. A picture of the 


P@ee@eesepilt Procotype follows (Lalthwaite, 154-1355). 





Figure 6: Photograph of the Electropult Prototype 
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Chapter 7: The 1970’s Electromagnetic Launcher Design 


The investigation of new technologies for launching 
aircraft from ships at sea has been a continuous effort 
Since the aircraft was first invented. The reason for this 
ongoing search is that the present systems offer more 
disadvantages than advantages. 

In 1981, the Naval Air Engineering Center (NAEC) 
reopened investigations for the development of an aircraft 
catapult based on the concept of the electromagnetic 
launcher (Weldon, 1). This investigation was undertaken 
for several reasons. One of these reasons was. the 
development of linear electric motors meng use as 
operational high-speed ground transportation in the 1970’s 
(Weldon, 2). Perhaps the most important reason for the 
investigation into the electromagnetic catapult is that the 
Current steam  catapuits are a burden on the sShip’s 
resources in terms of weights, volume, and inefficiency. 
Epes iinear electric motor promisesSmashign .eiiucieney, weseheea 
low weight and volume. 

In response to NAEC’s search for a new aircraft launch 
system, Electromagnetic iel bagvels Research, ince (EMLR) 
Submitted a proposal for a new approach for the use of a 
imimear —Sy¥nChgemous moeor to launch aircrait fromes carrier: 
The major advantages of this approach were the use of an 


independent power supply and the lack of saturable iron to 
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limit performance. Based on these promising ideas, the 
NAEC began to pursue this approach (Weldon, 1). 

In 1985 when the NAEC actually issued a solicitation 
for the development of a scale electromagnetic launcher 
based of EMLR’S proposal, the designs were already 
outdated. This primary reason for this design being 
antiquated was the use of sliding contacts for the 
transmission of high levels of current to the moving 
armature. On the other hand, developments in the early 
1980’s at the Center of Electromechanics at The University 
of Texas at Austin (CEM-UT) produced an improved approach 
nei wan ELeCtromagnetically aireratt-launchine ~“catanoult. 
This novel approach is a linear electric asynchronous motor 
that did not need either sliding contacts or sensor/switch 
assemblies for control. This proposal offers the most 
feasible design of an electromagnetic aircraft launcher to 
Gacem Welden, 1-2). 

The Electromagnetic Catapult (EMC) designed by CEM-UT 
1S a passive, iron-free, coaxial launcher. There is no 
electrical contact with the armature during the entire 
GVCuUe “of Vocoerat1on. PNaGacCed CUrEeNntS Uhae Imperator eas 
the advancing magnetic wave excite the armature, which is 
the traveling shuttle. The stationary stator excited from 
the 60-Hertz alternating current line produces’ this 
traveling magnetic wave. Tc 125 “thas (1nteraceion Sekar 
produces the Lorenz force that accelerates the shuttle. 


Essentially, the shuttle would ride the magnetic waves by 





@hiewincreasm@m@ pitch, three-phase stator coils (Weldon, 5). 


Thws .cenespt is shownedn Figure (7) below (Driga, 1456). 


Figure 7: | Three Phase Coaxial Accelerator 


Three Phase Coaxial Accelerator 
af A 
=f B 
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q - = = e | 


The differential velocity, or the slip, between the 
armature and traveling stator wave induces an armature 
current that can produce the necessary propelling force. 
The slip between the armature and field wave can be kept at 
low values if the time distribution of the traveling field 
is configured to an accelerating magnetic field. Chases 
accomplished by increasing the pole pitch between adjacent 
WINGLnNgGS tke EnOSe 1D Emagine Ga mivelaon, 6-7}. 

TO Gest ENG Vea tiitny © Che =pmeeposed cCatapulic, CEM=UT 
built a scaled-down version of the electromagnetic launcher 
that measured 12 feet. This 12-foot launcher was designed 
to achieve a continuous 5-g acceleration of an 18,000-l1b. 
load. Attached to the end of the stator is a 3-foot 
Secelon ehat WS ~esed Femrcounter—-current braking “ef “sie 
shuttle. This braking section is designed to stop the 
Shuttle in the shortest possible distance. The braking is 
acitewead Dy Simply reversing the GoOnnecter on two Stator 


phases to the power line. This causes the traveling 
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magnetic wave to reverse direction. Shuttle @setumn. is 
accomplished by operating the electromagnetic catapult 
accelerator and braking coils in reverse at reduced power 
(Weldon, 1a baqgure use shows a schematic of the 
electromagnetic launcher power system (Weldon, 8). 

The three discrete stator-coil spacings were built to 
yield synchronous speeds of 6.6, 13.2, and 20.2 m/s. The 
stator coil modules are constructed separately for easy 
replacement. They were built using epoxy-mica paper based 
insulatwmon. Passages for forced-air cooling were provided 
to keep the stator coil temperature below the operating 
igmies of the insulation. The coil modules wagll glide ink 
the dovetail slots in the stator-support structure as seen 
inwProumen( 9). 

The electromagnetic catapult shuttle 1s an I-beam 
section of 6061-To aluminum with 6-mm brass plates on both 
Sides of the central web. See Figure (10) for a diagram of 
the shuttle (Weldon, so ae The shuttle should be 
magnetically centered between the stator coils; however, a 
guidance system of high-speed rollers and tracks is used to 
ensure that the armature does not damage the stator coils. 

By using two materials of substantially different 
conductivity in the armature, the maximum driving force 
under all operating conditions will minimized the reactive 
power. While the shuttle is accelerating, the frequency of 
Eve sineuced Current is low (around 2.76 Hz). Therefore, 


the current will penetrate into the highly conductive 
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aluminum yielding a high efficiency and low dissipation. 
PUbInG soeaking, the frequency of the induced current will 
rise to approximately 120 Hz. This will result in a lesser 
depth of penetration that will have the armature current 
flow in the resistive brass aiding the braking process. 
The 6-mm wide vertical slots in the shuttle are used to 
control the eddy current pattern in the armature. A three- 
phase circuit breaker 18S used to connect and disconnect the 
Stator windings to the 15 kV power line (Weldon, 9). 

The average power per acceleration cycle for the 12- 
foot electromagnetic catapult is 12.62 MW. The power 
factor for this system is low so the apparent power 
required is 21.04 MVA. The energy delivered to the 18, 000- 
lb deadload for a 5-g average acceleration to a velocity of 
18.9 m/s (42.3 mph) is 1.46 MJ. The total energy delivered 
to the accelerator during the launch is 4.87 MJ. The gives 
a cycle efficiency of approximately 30% (Weldon, 11). 

It should be noted that the electrical substation at 
the CEM-UT laboratory was used to power the launcher. Of 
course to meet the needs of the electromagnetic catapult, 
the power source must be a self-contained unit the draws 
the power from the ship’s power plant and supplies it to 


the launcher. 
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Schematic of the EMC electric power system 


Figure 8: 


Pcimor gs EMC Pomat Suopl 


[seisnvtgogn C3 Pnaya Coaniat Acewaralor wilninceeadag state coletcn” = ~~") ‘[Supnane Elacivamaonetic TT] 
,O7eoR a7 | i | , Broke 
| [oa Gem eeiae ae Traveling Fleki & ay Aw auf age | -— CMRMO 





oe | 
[ 7 | 
(Brecnnr ! | | { | | ) : 
| | | —— ~ end ARMATURE , 
j 
| 
| | } 


; 

E 

= 
== 
| 

| 

| 

| 

: 

| 

} 

L 

i 

| 

| 

! 

| 
— 


42 








Figure 9: _— Artist’s conception of the EMC 
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Figure 10: Enlarged view of the catapult shuttle 
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Chapter 8: Kaman’s Electromagnetic Aircraft Launcher 


With the new technologies in power electronics, 
there is new interest in electromagnetic Jlaunch 
systems. Of immediate concern is the application of 
electromagnetically catapulting aircraft from the deck 
Of eee Rises) Comat t Carrier. Le investigate this 
Poss leniiiEy, the Ueoe Navy has commissioned a 
partnership between the Naval Air Warfare Center in 
Lakehurst, New Jersey and Kaman Electromagnetics of 
Hudson, Massachusetts. 

The electromagnetic aircraft launcher (EMAL) that 
was designed by the joint Kaman-Navy venture centers 
on a linear synchronous motor. This motor is supplied 
power by four pulsed disk alternators through a 
cycloconverter. Using average power f£ GON an 
independent source on the carrier, power is. stored 
kinetically Ga the Ot Cm She the Pour cis 
alternators. Then, the alternators 1n a two to three 
second pulse during the launch release the power. 
This hagh frequency power ILS sent Lo the 


cycloconverter. The cycioconverter acts as an 
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increasing voltage and rising frequency source for the 
Laamch metkor. The power is then fed into the linear 
SYymMemronous =“ Mever: The linear synchronous motor 
accelerates the aircraft while also providing real 
time closed loop control. This concludes the basic 
lammehmeycle. 

The beginning of the launch cycle occurs when the 
pewere fromethe host platiommemserectified amd fed into 
inverters. The power is then sent to the four disk 
alternators where it is used to spin up the rotors in 
the 45-second interval between aircraft launches. A 
Giagram of the disk alternator follows (Doyle, 528- 


SAN. 


Figure 11: Diagram of a Disk Alternator 





The disk alternators are permanent magnet 
machines with a dual stator and axial field. The 
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rotor serves as a kinetic energy storage component. 
Also, the rotor acts as a field source during power 
generation and is located between the two stators. 

The stators each have two separate windings: one 
for power generation and the other for motoring. The 
generator windings are cioser to the alr gap so the 
reactance is reduced during pulse generation. The 
motor windings are put deeper in the slots which 
allows for better thermal conduction to the outside 
casing. By using high strength permanent magnets with 
a high pole pair number of 20, the overall active area 
San De DeLter Uutliazed, Ine four disk™alterneavorsmere 
mounted in a torgue frame and are paired in counter- 
rotating pairs that will reduce the torque and 
gyroscopic effects. 

The disk alternator iS a six-phase machine. The 
rotor operates at a maximum of 6400 rpm and stores a 
EOfoi wok» 1 ZINSMI Segrelding am energy density of 1821 
Kd/kg. At the maximum speed, the disk alternator 
would give an output of 81.6 MW into a matched load. 
ToeerOurt DUE Sis at ~a frequency S@£& 2133 Hz at “the 
beginning of the pulse and 1735 Hz at the end of the 


pulse. The machine excitation comes from the 
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Neocdymium-Iron-Boron 35 permanent magnets that are 
heuscemaar “iihet@esotor. These magnets produced a 
residual induction of 1.05 Tesla and create an average 
working air gap flux density of 0.976 Tesla. 

The stator is a radially slotted laminated core 
with 240 slots. This will develop a maximum back EMF 
Of 122 Veolkrs:. The maximum output voltage is 1700 
Veies (L-ie peas The maximum current is 6400 Amos 
peak per phase. 

The overall efficiency of each disk alternator is 
89.3% with the total losses of 127 kilowatts. These 
heat losses are transferred out of the disk alternator 
EnNrOuUGhoa COMM platemwon tne outside of the statems 
(Doyle, 529). 

Gmc Gi “ene reasons that the Flectropult failed at 


the end of World War II was the lack of power 


electronics. It is with the new technologies in power 
electronics that make the EMAL a possibility. ie! 
NOSeneoeea = long slancar motor, the use of power 


electronics allows for an effective operation by 
turning only the coils that can affect the launch at a 


particular time rather than the entire motor at once. 
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The power electronics also allow for variable voltage 
and frequency supply. 

The power electronics used in the EMAL is the 
eycloGeavember. The cycloconverter is a naturally 
commutated 39-16 bridge circuit. PiewourcDUuL Onewene 
bridge is then either put in parallel or in series 
with the outputs of other bridges that will attain the 
needed power level. TLHhewemenul OL a cycloconverter 
Can vary from 0-644herez and fremm0elSZ0eVelkes(L-L). 
The cycloconverter must be cooled with liguid cooling 
plates to dissipate the 528 kilowatts that it losses 
(Deville 529). 

After the power has gone from the disk 
alternators and through the cycloconverter, it can 
then be passed to the launch motor. The launch motor 
is actually a linear synchronous coilgun. The launch 
motor uses the same trough at the current steam 
Grtaoetes tO allow for backPrtting: A preture of Gere 


launch motor is shown. 
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Figure 12: Diagram of the Launch Motor 
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The launch motor has a dual vertical stator 
configuration with the active area facing outwards. 
TPicweaacrOr —onethe Jkaunch motor, or the Carriage, {sages 
over the stators like a saddle and protruded through 
the deck so it can be attained to the aircraft. There 
are 160 permanent magnets of the same variety as in 
the disk alternator. The carriage is held in place by 
rollers that are welded to the stator frame. These 
Reommreonseenel~e maintain a COnNSISTENL aver gqap wet ers) 


millimeters. The stator is broken down into segments 
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that turn on and off as the carriage passes. The 
design also allows for the stator to be protected from 
the slot in the flight deck to prevent contaminants 
lake get fuel amePm hydmaulic om from possibly eroding 
EhemSstator: There are busbars and static switches 
located in between the stators that will control the 
power to the stator segments. 

ine stator of the -Tammch motor ismdivaided into a 
modular unit called segments. The dimensions of a 
segment are 0.640-m long, 0.686-m high and 0.076-m 
wide. There are 149 segments on each side of the 
Stator totaling 298 segments. The segment is wound as 
a three-phase slap winding with 24 slots and 6 turns 
per slot. This results into 8 poles per segment and a 
Okemo CimG ie i Cee mu These coils are epoxied on a 
Slotless stator structure which keeps the  ohase 
inductance to a low 18 wH with a phase resistance is 41 
mQ. The bus resistance is 0.67 mQ. The flux in the 
air gap is 0.896 Tesla and the permanent magnets 
experience a shear stress of 38 psi. 

After the carriage passes through the 103-meter 
power stroke, the front of the carriage will enter the 


brake. The brake is made up of shorter stator 
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segments which bring eddy current brakes. At the same 
point in time, the carriage is still covering a number 
O£ active stator segments. Two of the phases are 
Switched in these end segments so that a reverse 
thrust 1S initiated to create a braking force. 

The launch motor has a projected efficiency of 
70% and has peak losses of 13.3 MW. With this lack of 
efficiency, active cooling will be necessary. The 
launch motor uses an aluminum cold plate to remove the 
heat from the attached stator windings and back iron. 
The carriage that houses the permanent magnets can be 
cooled by convection since they will experience only 
Slight heating from eddy currents in the carriage 


Structure and magnets (Doyle, 530). 


Figure 13: EMAL Force Profile 
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The overall design of the EMAL designed by the 
joint Kaman-Navy venture offers many benefits over the 
present steam catapult. The launch engine is capable 
Of Ae hiiohsthimist (density: The half-scale test model 
produced 1322 psi while the current steam catapult 
produces only 450 psi. ASG pene new taunenh —moror 
will require much less manpower to operate and 
maintain. The EMAL has been designed to by self- 
diagnostic rather than the substantial manual 
inspection required on the steam catapult. Another 
advantage of the EMAL is that it is a stand-alone 
system. The present steam system requires many 
Subsystems including hydraulics, water braking and 
control systems. 

Unfortunately, the EMAL proposed by Kaman 
Electromagnetics has a few drawbacks. One of the 
drawbacks is that high power electromagnetic motors 
create electromagnetic interference with electronic 
equipment. This presents a problem because the 
aircraft that will be launch has a large amount of 
sensitive electronic equipment. Another drawback of 
this EMAL design is the disk aiternators. These high- 


speed pieces of rotating machinery are spinning at 
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about 6400 rpm storing a total of 484 MJ. While these 
disk alternators work in a laboratory setting, the 
jarring and MOLION Of “ame aseecrart carrier could cause 
the disk alternators to be less effective and possibly 
even malfunction (Doyle, 531). 

The electromagnetic aircraft launcher design by 
Kaman SElecesOmagneeics Sis awstecp in the right 
direction for replacing the current steam catapult. 
The EMAL offers many advantages but does have a few 


drawbacks. 
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SECTION HI: THEORY OF LINEAR INDUCTION 
LAUNCHER 


Section JIL consists of a review of the theory sof 
the electromagnetic launchers. Chapter 9 1s a 
Cisecl ss Lon of the two different types one 
electromagnetic launchers: the railgun and the 
Col |G imm. Chapter 10 is a review of the stress that 
can exist in electromagnetic launchers. An idealized 
model of a coilgun is presented in Chapter il. 
Chapter 12 discusses the limitations of the coilgun. 
Chapter 13 describes the various scaling factors for 
the models of linear induction launchers. kisi hsb a 
Chapter 14 is a study of what occurs at the transition 


Detuween two SECTIONS Gf a linear induction launcher. 
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Chapter 9: The Railgun and the Coilgun 


For the design of the electromagnetic catapult, a 
review of various tubular motors must be discussed. 
In particular, two types of tubular motors that merit 
an in-depth examination are the railgun and _ the 
ctemmlrenbnste 

In all linear induction machines, the total 
energy stored in a LIM is proportion to the product of 
the mutual inductance between the primary and 
secondary, the primary current and secondary. 
Eguatiton, (i) £olilews-: 

N 
We = 


l 4 
2 yy Lill; (1) 


r 
j=) 


= 


ioelS ene Mutual Imducrance ©: ENG eNo Jee2 see. 
ana i, are the two currents and N is the number of 
Cols. The coenergy of a linear system (W.) is the 
product of the currents and the flux linkages minus 
the energy. In linear systems, the energy and 
coenergy are equal. The force exerted by a Linear 


system is the first-order derivative of the coenergy 
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with respect to the unit length of the system. 


Beier on (2) follows: 


ip ee (2) 


Therefore, the total BOrce exerted on the 
projectile of a linear system follows as Equation (3) 
where z iS the direction of displacement (Mongeau, 


Le 


F=>y yu, (3) 


Ba 





Figure 14: The basic diagram of a railgun. (Calvin, 107) 
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Now that the general equations governing a linear 
system have been established, the above principles can 


be applied to a specific system commonly referred to 


as the railgun. Railguns are a simple homopolar 
SPeuel ube: They make use of the Lorenz force to 
accelerate projectiles to very high velocities. The 


acceleration force is developed in the sliding contact 
eoupecting Che rails. In the case of the railgun, the 
armature pushing the projectile is used to complete 


eiCmmelCCUIC with the rails: TGS BOG ANG. 1: 
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magnetic field. The railgun follows the same general 
Scuarteone tor lineaseainducemenemachines (Bawaticgnmes).. 
Because the railigun has only a single winging (i.e. 
homopolar), equation By) Simplifies with N=1. 
EBgQuation (4) for railguns is as follows: 


(ee = LIP (4) 


The inductance of the railgun is given per unit 
length. This equation is for ideal situations where a 
constant current iS maintained. For the typical 
values of an armature current of 1 MA and «an 
imememamece ofeO.4 wH/m, the resulting force is 2Z00Nks 
per meter of gun. 

Some of the basic principles of the railgun merit 
discussion. Because the rails must pe very 
conductive, the overall impedance of the rails 1s very 
low. thas resules an a very high current, which can 
be seen in the previous example. Another basic 
Detnemole Of the railgun is the™high veloeie, oF seme 
projectile. 

The railgun also contains many disadvantages that 


merit discussion. One of the most important parts of 
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the railgun is the connection of the rails and the 
Dmemeccuide bys sliding @eceneacts. These sliding 
contacts produce friction and cause a significant loss 
in efficiency. Also, the design of the railgun given 
only two adjustable parameters: the self-inductance of 
the wvralils and the current. Wheeeenae biarsieew irs the 
inductance 1S difficult to inerease witheut the use of 
augmented rails that acts as multiple rails. Tacs 
leaves only the current as an adjustable parameter. 
In order to maintain any constant current, multiple 
energy storage devices must be used. Another 
disadvantage is that the flux in the rails will 
produce a normal force on the projectile. This normal 
force can be in either direction perpendicular to the 
rails depending on the direction of the current 
(Menegeew 227-299). 

Another type of tubular motor that requires 
attention is commonly referred to as the coilgun. The 
basic design of the coilgun is Similar to that of a 
conventional rifle. In this case, the barrel of vene 
Conventional gun iS Similar to the primary wimdingm@es 
tee, cori gun. The bullet of the conventionaieoun 


becomes the projectile (or secondary winding) of the 
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coilgun. In a two winding system, Equation (2) 


Simplifies wien — 2 anto Equation (5): 


d 
P= Pp a0 Gee = 4 aaF mer IG 


aby 21 Oe 
2 az 2 dz 2 dz 2 


dz 





(3) 


Thee tOncemernak cach come. induceamee does gro 
itself is independent of z. Also, Ijy2 and Lz, are equal 
to the mutual inductance (M) between the primary and 
secondary windings. 


Therefore, Equation (5) simplifies 


al (6) 


where Ip, and I, and the currents in the primary 
and secondary windings. 

The mutual inductance between the two coils needs 
explanation. In two filamentary loop of radius a and 


b, the mutual inductance can be defined as 
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BOQua tases / i: 


M = ula (2 = kK K) 7 2 £9] (7) 


where k? = __2800ee 
i + (a + by 

Where E(k) and K(K) are elliptic integrals of the 
Figst® and second order respectively. Thags eQuaieron 
for mutual inductance behaves similarly to a decaying 
exponential with relation to the z-axis. Also, the 
mutual inductance is symmetric about the z-axis. An 
example is fOr col emit h@radii of 6 cm and 5 cm, the 
mutual inductance dreps Blo ess than six percent of 


its peak at a distance of 10 cm, which is the diameter 


Or the Secondary coll. 
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Figure 15: The basic geometry of a coilgun (McKinney, 239). 
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Some basic principles of. Ehe “scoiloun” Weed 
explanation. Because of the symmetric design of the 
Collis, seme Colls will abttrack cach orher Tf she vce: 
are polarized in the same direction. This will cause 
the radial force to be positive. Also, the mutual 
tiewetanee cends tO be Hhicher than that Of “a> raikeume 
This results in relatively high impedance. Also, the 
force of the coillgun is dependent on two currents: the 
Pelmleadry Current and Secondary current. This means 
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that the two currents in the coils need not be nearly 
as haem as Ene current needed in a railgun. Also, ,Ehe 
coilgun does not have the need of the contact brushes. 
This will greatly improve the efficiency. it (siteunta 
be noted that the coilgun needs the constant currents 
in Ehe collS to pmevide stability ana help efficiency. 

One of the best advantages of the coilgun is the 
inherent flexibility in its basic design. Because 
more than one coil will be generally needed, the 
dimensions of the primary coils need not be constant. 
This will provide changes in the mutual inductance and 
thenetore “phe temeemwen the projectile. This 1s 
particularly useful when the final velocity must be 
reached gradually to prevent damage to the projectile. 
Tas ean “alsoutee “sea for a braking action @ro 
gradually slow down the projectile (McKinney, 239- 
242). 

Coaxial launchers received sporadic attention in 
previous research while the focus of development has 
on the ralloun, we sealimary ~eason Lor eEhismemenacus 
has been for the same reason that early aeronautical 
research was directed towards dirigibles: they are 


Simpler. Coaxial launchers (i.e. coilguns) are like 
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airplanes having certain unique advantages that are 
impossible but at a price of a much higher complexity. 
One of these advantages is that no physical contact 
Enrough “Smashes “is required =in the coaxial “Taunmener 
Bue i2semecessasy in the ramlgun. As a result of a 
lack of physical contacts, coaxial launchers have 
potentially no wear. Coaxial launchers are more 
easilymscavea up to very large PrejectiPe sizes (Kom, 
227). The thrust in a coaxial launcher acts over the 
entire length of the projectile that conseguently 
reduces the mechanical stresses (Levi, 1). For a given 
current, the coilgun will produce up to 100 times more 
wees. “Eterm a Kawloun. Also, coaxial launchers can 
deineve Cepmerencies over, 50 percent Kolm, 22. Jig) 
railguns, the energy acquired by the projectile cannot 
exceed the energy left behind in magnetic form which 
means that the efficiencies cannot exceed 50 percent 
meevil, “le Another characteristic of the coaxial 
launcher that is advantageous is that there is 
Eesterve “Gemeror “WEewrming “the entare “launch - cyete. 
Also, megampere input connections are not necessarily 


Pee ree Dy Veer | ous. Panally, the “coaxial latmeher 
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is built of individually replaceable, self-supporting 
col Tse 

The price for all of these advantages is the need 
fou wos eo CUEPenc wee  LOrm ~Of precusely 
synchronized pulses with transit of each projectile 
gol Ehrough “each drive iene This can be easily 
accomplished by commutation of an oscillatory system 
at ZErO-CroOssings, but at high velocities this 
required high voltages. Therefore, the coaxial 
launcher technology can be limited by high voltage 
SwechameG cechmology “(Kolm 2297). 

In general, railguns are of a much simpler design 
than coaxial launchers. Also, railguns are much 
easier to manage than coilgun particularly in the area 
of energization. This simplicity in railguns does 
have drawbacks. The efficiency of railguns is limited 
while coilguns can achieve very high efficiencies. 
Also, coilguns unlike railguns require no physical 
Contact which FStgmpebiecantly reduces fricrien Wiand 
erosion. Railguns require much higher currents levels 
(up to 10 times higher) for a given thrust than a 
Coaxial launcher does. Most importantly, the coaxial 


launchers represents a much more flexible machine with 
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higher efficiency and lower current levels but with 


higher levels of complexity than the railgun. 
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Chapter 10: Stresses on Electromagnetic Launchers 


Ideally, an electromagnetic launcher should be 
designed to achieve a given muzzle velocity using the 
shortest barrel length possible. This means that the 
acceleration should be as high as_ possible while 
maintaining consistency with the strength of the 
material. The armature of the projectile is subjected 
to mechanical, electromagnetic, and thermal stresses, 
which are impulSive in character. Therefore, in order 
to separate their effects, it is useful to determine 
the order of magnitude of the speed with which each 
Seress Propagaces: 

Mechanical stresses propagate with the velocity 
Ceececuner eie-peioe nw rhe. order of (10°) m/S in Solids. 
Since the materials of interest are good conductors, 
the propagation of the electromagnetic and thermal 
stresses is governed by diffusion equations. 
Intwodueang a characteristic length (L) and @=is we 
diffusivity, the diffusion velocity can be defined (Vg) 
as equation (8). 


a 
eT (8) 
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By i@efingmg electmecal conductivity (yy) an¢e whe 
Nagi VemeSsnesoiiam sin), the diffusivity of the 
electromagnetic stress (QQ m) can also be defined as 


SClarien eye 


a = — yor yew nr | s (9) 


Wer eaeharactwermistues length or 1 em (L=0.01 m), 
tors cOUse1On wil! COpmesoome tO Qa Verocity OF 10 m/s. 
By denoting the heat conductivity (A) and the specific 
heat per unit volume(c), the thermal diffusivity be 


obtained 


= ae O@oe ) mies (10) 
Cc 


THis thermal Gtr mieny Ly corresponds co a 
velocity of #0 m/s.- 

These large differences aL ia the propagation 
velocities of the mechanical, electromagnetic, and 
thermal stresses suggest the following assumptions. 
The mechanical Stresses are established 


instantaneously. Next the electrical stresses are 
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established. Finally, all of the heat is dissipated 
in one skin depth and is absorbed locally in a thermal 
process that is adiabatic. 

These assumptions allow some general 
relationships to be derived for a unit volume of the 
projectile armature. Ome meres ene Gurrent Cdenswvey. 
ec Wise Somes Cees Mec ieee meetin SereCMciy 2 line. aiietes 
density of the armature conductor is denoted €. The 
ratio of the overall mass of the projectile to the 
mass of the armature conductor is represented by v. 
TiS MectOcha Ube Pico wovemmenc samolent Cemperaeure is 
denoted by 0. Neglecting friction losses, the 
increment of kinetic energy from the breech velocity 
(vo) Oo Ene muzzle Syveleciry (vp) equates tO the work 
Gone oi) meee oc erromagnoeleG ferce (J * B) -Over mene 


length of the barrel (1) represented. 


by = Aves - vf) = fu x Beal Jim (i1) 
0 


The energy dissipated in the conductor is shown 


Ui eCM@eaelom (ir2 }'.. 


We = ef CU J/m oles) 


a be yin 


— —— ae a 


2). envio Tee 
+d 





lag! the ideal case with a perpendicular 
SbLomeat On CamEetomueccen 7) 6, ana “di and avin form 
Cisse but lon seclmee mc Hem nceCa LO Obtain equabion 


(oo. 





(v2 - Kv, — %) = = B?] (13) 


It can be seen that aS Vy approacnes zero that the 
length 1 of the barrel increase as the cube of the 
muzzle velocity represented in equation (14) (Levi, 1- 
Aires 


es: 


= ———__ v 14 
Dee) 1 il Ow 
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Chapter 11: Idealized Model of a Coilgun 


The model of the idealized coilgun has many 
components and considerations. THe: ist) 6 bene 
considerations is the number of stages. The force 
acting on the coil that guides the projectile in the 
Single stage coilgun has an effective range of less 
than one coil diameter. A single stage coilgun 
CGomeusces Of tvemceilys Wheln i To obtain the higher 
velocities, a multistage arrangement is needed ag 
which the barrel consists of an array of coils 
energized synchronously with the progression of the 
ioee JC le In addition to lower speeds, the motion 
of a single projectile stage might also be expected to 
be unstable against lateral diversion and tumbling. 
Therefore, more than one coil iS necessary in the 
PLO }eceic. 

Another important consideration in coilgun design 
is the stresses. Because of the limitations imposed 
by the strength of the material, the stresses need to 
be distributed as evenly as possible in both space and 


fe amen, 





An arrangement for a coilgun that satisfies these 
requirements is shown in Figure (16). The barrel 
coils are energized ina polyphase fashion to create a 
traveling electromagnetic wave packet of limited 
extent. Similarly the discrete coil in the projectile 
itemmecolacca mith a Continueus tabular condu@eerm in ere 
shape of a sleeve of sufficient length to accommodate 
a number of wavelengths. Then the thrust results from 
the interaction of two systems of the azimuthal 
Currents sinusoidally distributed in the longitudinal 
CG bEeCc elon The currents flowing in the sleeve are 
impressed in the first stage of the barrel and the 
Sleeve thickness must be sufficient so that the time 
it takes them to decay is longer than the transit time 


(ft) OFMehicserOy;ectlle 1nwene=eaane ll. 


Figure 16: Polyphase barrel with sleeve projectile 
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The design of the coilgun can now be based on the 
idealized model of conventional electrical machines. 
By letting the thickness of the conductor be 
negligible, the current distributions in the sleeve 
and in the barrel can be reduced to surface current 
sheets. ALSO, 10 1S practically ~'e nleglect Ee 
curvature of the conductors to deal with planar 


sheets. The new model is shown below (Levi, 2-3). 


Figure 17: Planar sheet model of coilgun 





projectile sheet 


Die Reina ciimGEstm bienensm ane Lhe projectale (hy) 


and iene pamrcl (Kio ase as follows where «ts gene 


= K, sin( = y, (15) 


K,=K, sin = oe p v, (16) 
; y 


Dole owen. 
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Solving Maxwell’s equations, the magnetic flux 
density (Bee) and magnetic Preld 1ntensiey (Ape 
pzcauced by Kee uie tiem pmamc, Cemencm a ceve Mecated at a 


distance (g) 1s defined: 


oe a sin 2 le (17) 
2 G 

cei co = re (18) 
2 a 


At a distance (g), the local value of the force 


per unit surface acting on the sleeve is defined: 


f =K, x B, 


p = 


= UK, aa er sin( 2 5 ae p) e oo = xx, + sin( 2 “| (19) 
2 T T T 


The average local value of the force per unit 


surface (N/m?) can then be obtained: 


(f,,) = ee = | sin( 4x) — cos( A, )| (20) 


i 





Given that the maximum allowable mechanical 


stress (o,) is defined as; 


o =KB=— (N/m) (21) 


BQuUatunO cle simececienmes| steecss (65) swith  Jthe 
average force density in Equation (20) gives’ the 


POLvowing. relatremsaio (beyi, &) 


Ke 2 et (22) 





Let € represent the mass density of the armature 
conductor and v be the ratio between the overall mass 
Of the projecti@er to Ge “mass of the armatuxe 
COMeNICTOL, By integrating Newton’s law between the 
bueceimene Muzzle ™ velocities (vy, and vy respectively), 


the following relations can be obtained: 


7 A). bh. 2cOa-y 7 Kye 6 ay csin B 
a a ee 2K 


P P P P 











(23) 
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The following relations where used to in Equation 


Ey@useng etewcechimammen OF K, In Equation (22), 


Ene HOwlOvwieG CeimiiitLOm rere ni, Caonsbe Found: 


x2 = 8Vm = Ys)Om (24) 


wycOy sinB 2 
aet 


The distance between the equivalent current 
Sheets is a function of the thickness of the barrel 
and projectile conductors (a, and ap, respectively). 
Let g. be the clearance between the barrel and the 
sleeve, which is usually less than 1 mm. The distance 


can then be defined: 


(25) 


Ey reliant s valle Of iG “INTO Bevarion (4 eye 
it can be found that the minimum value of K, is reached 


eto pe= tt ( Lewin, 3) . 


dd, 
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Now Equation (23) gives the new ratio: 


Ky _ @ 2vevm — ¥s) (26) 
K 


z e * COLy 


By letting an = a and neglecting g., the 


LORLOWLNG, Gatio Can be found; 
—gr l (27) 
T 


Instead, solving Bogue on (22) for a, yields: 


(28) 





Because this sleeve thickness has been obtained 
on the basis of thermal considerations, it should be 
Checked to verify that it also satisfies structural 
requirements (Levi, 3-4). 

Using the length O18 the barrel as a 
determination, the thickness of the armature conductor 


(o> ecau soc. £OUNG in another manner. ee esl Nigko; 


78 





EQuaenons Seb), (13) 7eeameeeez |), the aiamamure conductor 


thickness turns out to be: 





a = 0 = 


ee) (29) 
AW pin é LyycO 


Comparing Equations (28) and (29), a value for € 


can be found: 





C ? live 
= — sin 30 
2 K, B (30) 
B , 
0 


When this value is compared to the corresponding 
One fem a rarmigun, the foli@wing@celationwis found: 

Im the Seregealeecase Gr a gralilgqun, the ~coaxial 
structure has ¢ = *%. Also with a parallel structure, 
it can be assumed that Bp = 45°. This supports the 
conclusion that in order to obtain the same thickness 
a in a coilgun as in a railgun that the following must 


be true: 


Ka a 
=). J2 e* 32 
K Cy 


14 
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By using the relation in Equation (32), the 


following value can be found: 


K, 
= 3,83 33 
K ©?) 


It would be difficult to accommodate a much 
Tanger Kain the Darrel whi temeecemngedn = sa5. A mien 
larger ap would increase the value of g and would 
therefore decrease the coupling between barrel coils 
and projectile sleeve. From these relationships, it 
mest bewy ceonciuicea =rom Whouae2on (23) Ehat.. sume 
CivekneSssS Oa Che Mevwang condvecrer ©: gene COM muse 
be larger than that of the railgun (Levi, 6). fhas 
fact when combined with the fact that the need for 
Strong Geupling “seus a lower Jimit of approximacely 
two inches for the diameter of the sleeve and because 
Of Stablliauy  “GensSigerecuens, it is desirable to 
accommodate at least one wavelength in the length of 
the sleeve (Kolm). All of this leads to the 
CCpeluston “Ghiae col loun projectiles must = be mae 


heavier than those in railguns must. 
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Chapter 12: The Limits of the Coilgun 


While coilguns are conceptually simple, they are 
exEremely ditiicu lies wemeess cme Hie —Mermal method Lor 
GCoilgum design iS Wa @eulc-ayd-es,° approach in which 
the performance of a trial design are predicted and 
design parameters are adjusted until the performance 
goals are met. While design procedures that make use 
of the formal optimization techniques have been 
proposed, they are extremely expensive to operate and 
give little insight of the interdependence of design 
performance and parameters (Williamson, “Application,” 
Zou. The following is an exploration into the 
maximum velocity achievable. 

The investigation will be based on ae simple 
system of two coaxial air-cooled coils carrying the 
currents i: and iz respectfully. This design is shown 


below. 


81 





Figure 19: Filamentary coaxial coils 





Equations (6) and (7) are the basis of the 
exploration. 
dM 


F — Fie 2 (6) 


4nr, 


i = naira E = rE} K(R) - = E(k) here = — (7) 


2 + (7, + r) 


ASSUMING. thatthe .outer. coil is. stationary gang 
the inner coil is free to move, the work done when the 


Paget COLL MOevVeS TrOM 7s 5eO.7> 1S 


W = ( Fae St =v (34) 


Now be hold the two currents constant at their 


maximum values, then Equation (34) becomes 


W = ii,| M(z,) - M(z,)| (35) 


Ignoring mechanical losses and joule losses in 


the armature coil, the maximum kinetic energy is 


achieved when equation (35) 1S maximized. The maximum 
value of M({z) occurs at z = Q, and the minimum value 
©Geies Jak 4 7-7 OS. This yields the following relation 
with M({o) = 0 (Williamson, “Pulsed,” 201). 

Kees = 165 M(0) (36) 


This shows that the maximum kinetic energy is 
obtained if the coils are co-planar and the currents 
are held at the maximum values. Ina real system, the 
currents cannot be instantaneously switched to the 
maximum value. Mea Carerellar,;- CNC “Current. ingame 


ARE tr “COLL Wwe eavary with Cime.. 
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Figure 20: Thin pancake coils 





In Figure (20) above, thin pancake coils have 
replaced the filamentary coils. The baisac.inassiwaso & 
equation oe) holds true although the mutual 
inductance must now be an average over the radial 
WL WO Pie eo ioe By letting the coils have N,; and 
No turns respectfully and neglecting the axial length, 
equation (36) can now be replaced with 


Tomiie oF 


see l ' ' 2 
= ii,N\N, — [| M@ar; ar, (37) 


V2 7 Ark 


KE 


max 
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Figure 21: Armature coil with finite length 





Next, it will be assumed that the armature coil 
has a finite length of 12 as shown above in Figure 
(21). Under the maximum current assumption, it can be 
found that the maximum kinetic energy is obtained when 
the initial Meecsition of Mev armature Cena is 
symmetrical to the pancake coil. Pees Tesmits in fae 


following equations (Williamson, “Pulsed,” 201-202). 


hy 
l A+h r) 


ISG a ere Pal | J men 17, Salar, ae da (38) 
Nn mh-t, | 
“? 
~ iLNN, iS (39) 
ttyl 
i 
n+h mh 2 
where S = | | | MGi'.1n', 2)dr! dr,’ dz (40) 

A mot 4&4 


2 
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The final stage in the development of this model 
1S OS) Cive ene Stawor co1lls a finite length of 1). Sm 
doing so, it will be assumed that all of the stator 
coils to the left of the armature are energized and 
those to the right are not energized. As the armature 
moves, the current is assumed to be instantaneously 
Switched into the stator coils that lie on the 
centerline. It 1s now necessary to let N; to represent 
the total number of turns in the stator. This layout 


is shown below. 


Figure 22: Stator coil and armature excitation 
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Because the current and turn numbers are often 
scaled to suit supply conditions, they will be removed 


with the following relations. 
WN, = Jakhh (41) 


IN, = J cok ol ol, (42) 


We, ane@lJ.>2 are BRE Current densitves mm the stator 
and rotor respectfully. k:; and kp represent the ratio 
Oi the @@@oper se@iion £O waameinegw section of a coil. 14 
and 1, are the axial lengths of the stator and 
armature. SUSSTIEWM@eIng equations (4) )aeand (42 )\ammincoO 


(39), 


WIE = J ad ok, k,1S (43) 


Lf it 2Seessiumea etee, an inert proyectile Of mass 
m is accelerated from rest by an armature of mass am 
to a velocity v, then the kinetic energy gained is 
I 2 
KE = mt + a)mv (44) 


Where @ is the ratio of the armature mass to the 


projectile mass. 
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Combining equations oS) and (44) yields 


(Williamson, “Pulsed,” 202-203). 


(ewe = 26S kshs (45) 

It can be assumed that the mutual inductance 
between the coils falls rapidly as the distance 
between them increases. Even in the ideal coilgun, 
the current in a given stator coil will be reduced to 
zero when the armature has passed it by a distance 
equivalent to two or three diameters. Furthermore, 
being Stationary the stator coils are more readily 
cooled. It can therefore be assumed that the thermal 
limits will not be approached on the stator. On the 
other hand, the armature currentS are reguired to 
endure for the entire time that the armature is inside 
the barrel and for a short distance beyond the bore. 
By assuming that the armature heats adiabatically, the 
rate of temperature rise in the armature copper is 

dé Neyo 


= 46 
dt Cid A), 
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Gpeenomeiemeseccific heat of the copeehespmusmemes 
resistivery, and Gd as its density. As the armature 
current is assumed to be constant, the temperature 
rise obtained in time T where the parameters are not 
temperature dependent aes given as (Williamson, 


“Pulsed,” 203) 


2 
ge (47) 
Cd 


Now that the kinetic energy and thermal limits 
have equations defining their effects, the importance 
of the mechanical stress can be found. The axial flux 
density at the inside surface of the stator is 


obtained by the long solenoid approximation as 


Ba = Lyd kt, (48) 


The radial stress that this will produce is 


| Li 2 | 
lS as Bs See J kit (49) 
oa, 5 aki] 
BY -Ust@mg tae Standard approximation fon Va long 
solenoid that the magnetic field outside the solenoid 


is negligible, the radial stress is also approximately 


zero. The hoop stress in the stator varies across the 
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radial thickness of the stator with the magnitude 
OCGUErIng at @ehe Paner surface. The maximum of the 


stress 1s 


Pr? + (5 + 4)" 
Che 


SUULaEY a a 50 
max t,(27, ae t, ) ( ) 


This maximum stress cannot exceed the yield 


Strength of copper (oy). 


Ply + (7, + wid 


t,(27, + 1) oe 


= 
O, = 


Substituting equation (49) into equation (51) 
gives 


bot as (7, + ny | 
a 
HO. + t,) 


2 
(Jk) (52) 
This equation will be rearranged to determine the 


maximum current density in the stator coils to give 


(Wil lalemsen, “Pulsed,” 203) 







2o,(2r, + t,) 


Hot{n? + (5 + 4)'] > 
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Now that an equation governing the mechanical 
stress in the stator coils has been defined, the 
mechanical stress in the armature can be found. By 
assuming that the clearance between the armature coils 
and the stator coils is small, the flux density at the 
outer surface of the armature is equal to that at the 
surface of the stator coils (Bzi in equation 48). This 
means that the corresponding radial stress also 
applies (Ps in equation 49). Therefore, the axial flux 
density at the inner surface of the armature is 


approximately 


B.. = Mol Jakit, ~ Jake) (54) 


Therefore, the radial stress acting on the inner 


surface of the armature is 


] H 4 
ce 2u Br _ = [eke 7 J akaty| (95) 
£ hy ze 





Depending on the relative magnitudes of Ps, and P,, 
the armature hoop stress varies across it radius with 
maximum stresS appearing on either the inner or outer 


surfaces. 


9] 








For the inner surface, oy 2 |Oinl, 


pu - P(r - ‘i + | 
Co, = (56) 


in 2 2 
(7, a i) 2 
For the outer surface, Sy 2 |[Goutl, 


Pr ots (7, — t.) } Zz Die i ai 
Oo = ee eS 


out 3 r 
oats) Su 


r 


(57) 


The armature also imparts the accelerating force 
to the projectile. By assuming that the force is 
imparted through the cross section of the armature 


copper, the following relation results 


Pale, ~(r, - 1.) ) = = (58) 


The axial stress, Pt, must be less than the yield 
stress of copper. This gives the following inequality 


(Wie Premson,~ “Pulsed, 26G.704).. 


(59) 


LHe Max wien etMebawommelrrent is assumed “fo be 


fixed by the thermal considerations in equation (47). 
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The maximum stator Clmment 1s determined by 
limitations on the hoop stress in the stator coils as 
ieee oqudimmron (53) . Substituting these equations into 


equation (45) yields 





20 .(2r +t C_.dé@ 
O27 +4) [C,d0 kh S (60) 


oh |r zs (7; a )'} pr 


It is only necessary for the integrity of the 
armature to be maintained for the duration of the 
acceleration. Therefore, the time T that it takes for 
the armature copper to reach its temperature (08) can be 
equated to the time it takes for the armature to pass 


along the barrel. 


a (61) 


SUSSEIMUEINgG equatzonm (Gl) into ecuation (60), 


eliminate T yielding (Williamson, “Pulsed,” 204). 


: 4o,(27, + 4)1,C,d&kS 
usts( 7 + (7% + 4)’ |p? (1 + ay 


max 


(62) 


7S 





Bouation@e(62) scan™ be wsed to caiculate the 
maximum velocity obtainable from a launcher of given 
CiffiemSsions (1, fo, ti, es, and 1,) for a given 
projectile mass (m) and armature mass (am). When this 
velocity has been determined, the corresponding stator 
and rotor current densities (J and Jez) can be found 
using equation (53) and equation (47). Once these 
current densities have been found, the radial stresses 
produced on the outside of the armature can be 
Calculated from equation (55). Also, the armature 
hoop stress limits can be checked with equation (56) 
and equation (5/7). Finally, the transit time (T) can 
be found using equation (61), and the axial stress is 
checked with inequality in equation (59) (Williamson, 
“Pulsed,” 204). 

mnie StCarcing point of the procedure by which 
performance limits can be determined is assumed to be 

Bore (Dp), 

Axial stator length (11), 

Projectile mass (m), and 

Thickness for the launch tube or barrel (tp). 

These are the Primer pal independent design 


Variables. The radial clearance between the armature 
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anaboresis small and will besassumed tosebe 0.5 mm. 


This will affect the outside radius of the armature 
( Gore 


D, = 2r, + 0.001 (63) 


It is also assumed that the stator coils are fit 
Snugly to the outside of the barrel determining the 


Pier roots Of whe Stator (ry). 


D, + 2t, = 2r (64) 


The remaining parameters are the stator thickness 
(ti), the armature thickness (to), and the overall 
weight of the armature (am). By using the equation 
for the armature mass, the axial length of the 


armature (l>5) can be found 


am = ar ee (2) gl (65) 


For a given armature weight, the goal is to 
determine the coil thicknesses (t,; and ts) that will 
produce the maximum projectile velocity. Thus? can y oe 


achieved using a standard multivariable optimization 
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procedure with material constraints are imposed 
through appropriate penalty functions. In most cases, 
the maximum velocity corresponds to one or more of the 
material constraints being met. However, it is 
difficult to make a blanket statement on which of the 
VaArLOuUS MaW@erial limitS 1S Critical tO a “Betericular 
Goapele sow It 1S certain that relaxation of the 
material constraints will lead to improvements in the 
mex verocity (Williamson, “Pulsed,” 204-205) . The 
triple integral, S,~ given in equation (40) can be 
evaluated for each set of design variables by means of 
Gaussian integration. The elliptic integrals that are 
found in equation ake) can be evaluated using 


polynomial expansions (Abramowitz). 
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Chapter 13: Scaling Factors for Linear Induction Launchers 


Large caliber electromagnetic launchers require 
pulsed power sources capable of delivering several 
tens of megajoules to the breech to accelerate the 
launch packages. At this time, only a few sources 
exist that can meet this requirement. If access to 
one of these sources is not available, meaningful 
launch experiments can still be performed at a smaller 
Seale. 

There are many different criterion for effective 
scaling. Thermal and electromechanical loading of the 
solid armature are important parameters in the failure 
mechanisms of the electrical contact with the rails 
that induce transition into a hybrid armature. The 
temperature rise in the armature as a result of Jcule 
heating depends on the course of acceleration in a 
complex way. Due to the velocity skin effect, the 
current distribution changes with armature current and 
also with mass and material properties (Koops, 1). 

Scaling relations are derived fcr the 


fundamental equations that govern electrothermal and 


2)! 





mechanical behavior of the armature and the stator 
during the electromagnetic launch. The fundamental 
eguations used include the Maxwell equations, the 
thermal diffusion equation, the magnetic diffusion 
equation, and the momentum equation. 

In the Maxwell equations, the displacement 
Current 1s disregarded and only materials with a 


magnetic susceptibility equal to that of a vacuum are 


considered. 
a | 
Vx—e= J] (Ampere's Law) (66) 
Ho 
Vx E= -= (Faraday's Law) (67) 
J = la |E +yx BI (Ohm's Law) (68) 
From equations (66), (67) and (68), the magnetic 


diffusion equation can be derived. 


vx|a,-[vx2))-vxfrxa--2 (67) 


The energy balance equation is defined as 


Vk WP -ev- Va 64 2-5-5, -J (70) 
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a 





The momentum equation reads 





V-S+JxB=p,a= op, : (71) 


In the above equation, the following constants 
were used. 8B is the magnetic induction vector, and J 
is the current density vector. Me is the electrical 
BeSistiyity Cemsor, Wes =@ene Magneric sSuSceptibilivy 
of a Gacuumpwand © 45 “eho: ime. EeelS the wmecrommer 
Chie™cureclrre L1eld, Vv fomenomyveloerty VeClLOr, “ane p, Ls 
the mass density. 5 is the stress tensor, cy, is the 
specific heat per unit volume, and kx is the thermal 
CONCUGCH OVE “Benson T is the temperature, a is the 
acceleration vector of the launch package, and s is 
the displacement in the direction of the velocity 


(RE@es, 1 -2)s 
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With the fundamental equations now defined, two 
scaling factors can be introduced: a geometrical 
Sealing taerer, (GO jeeand a came Scaling factor {(t). 


x= gx; y= 9, z= gs 
f= (72) 


These relations yield the following relations: 


Wi Me and z. = Le (73) 
g (en SEE, 3 


The primed quantities represent the full-scale 
launcher while the unprimed quantities are from the 
scaled-down experiment. It should be noted that the 
time- and positional-dependency of the quantities are 
NOt Sseewi to eee wee = SS’ and@sS(xsy,72z,t) = 
Sie. 

From equation (69), the scaling relation for the 


resistivity and velocity can be found 


= == fo) and yv=—v (74) 


Now the scaling factor for the specific heat per 


Miibe oO ulume (x) and the scaling factor for the 
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temperature (Nn) are introduced with the following 


redatloms: 


Crl—mee and i= il (75) 


i v 


Substituting these equations into equation (70) 





yields 
2 — — 

ee 2 Oy 8 ae = een (76) 
r g 


By now substituting equation (76) into (66) gives 


B'= BJyn (77) 


Using the momentum equation in (71) now yields 





yore a and -S'= _ynS (78) 


Important launch parameters like acceleration, 


velocity, and displacement also need to be scaled. 


& a, vi = By, and siz gs (79) 


a= 5 


io] 
Ao | 
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The consequence of the scaled acceleration is 
that the mass of the total launch package (m) must 
also be scaled. 


m = gt xnm (80) 


The mass density (fm) can be considered as the 
average mass density of the launch package (Koops, 2). 

Applying the scaling relations to the launch 
parameters can draw some interesting conclusions. 
When the inductance gradient of the accelerator 
(inductance per unit length) is considered as a lumped 
parameter, it will be invariant under scaling (i.e. L’ 
= L) (Grover). It should be noted that the length of 
the accelerator in the small-scale experiment could be 
g times smaller than the full-scale version. The 
kinetic energy is independent of the time scaling 


fAiceomey (leo. Eye, = CYNE kin) . 





Another very useful aspect of the scaling 
relations is that three parameters that are used to 
characterize the quality of the launch process are 
invariant under the scaling. These are the launch 
Stipe nie tess iannch aeons ET Olsen ert 1 Cleneyes (Negea) , weed 


the armature figure of merit (FOM). 


kinetic energy of the launch package 


Niaoch = “Viamch = 


(81) 


energy input at the breech 


kinetic energy of the launch package 
7] total — ] total ~ ; (82 ) 
energy stored in the pulsed power source 


ON Ong =< oe STENT Se launicl package 
energy dissipated in the armature 


The electrothermal ae eon absorbed by the 


armature scales to (Koops, 3) 


A'= g@°tynA (84) 


Tt was shown that certain aspects of large 
caliber armatures during electromagnetic launch could 
be studied at smaller scales by applying certain 


scaling relations. These relations are derived from 
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the fundamental equations describing the 
electromagnetic launch process. There are four 
SCauwnge =@aceOrs:; 0 TOtmmoconcerigcal scaling, t for time 
scaling, Y @Or scaling wer sine specific heat per unit 
volume, and n for temperature scaling. There are 
Critical design parameters that are invariant under 
scaling including the launch efficiency, the total 
efficiency, and the armature figure of merit (Koops, 


eal. 
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Chapter 14: Transitions in a Multi-Section Launcher 


In linear induction launchers, the barrel is 
divided into sections. Bach section is energized in 
polyohase. fashion. by. discharging u a Capacitor sbamk 
through the drive coils and maintains a constant pole 
SlseGh. The frequency of the currents in the drive 
coils and the capacitor voltages progressively 
increase from the breech of the barrel to its muzzle. 
When the projectile moves from one section to another, 
the frequency of the currents in the drive coils 
increases. Therefore the velocity of the propelling 
traveling waves increases (Lu, 493). 

When the ese section is energized, the 
proOgeceriile. 1S ata standstill, with an inacieds Joleeehe 
displacement in the direction of motion. The 
peers Maing torce. 15 soroduced by only the. tigansfeimne 
ae iehon before the traveling wave builds up 
(BongdalLenov, 20-715). After this traveling waves 
builds up, the sleeve current is mostly motion-induced 


CauSiIng acne wave toO.draq the projectile forward: 
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The energization of the second section is 
different from that of the first section because the 
projectile now has acquired a significant velocity. 
Whether this motion attenuates the effect of the 
backward travelling wave that is generated by the 
Single-phasing depends on the position of the sleeve 
inside the second section and also depends on the 
initial velocity of the of the projectile when the 
second section is fired. Either Seveminitiall posation 
of the sieeve or a pre-set time delay can be used to 
determine the moment to energize the second section of 
the launcher in order to get maximum muzzle velocity 
(uy a oer. 

A number of computer models have been developed 
to study the electromechanical behavior” of linear 
ineuctwen launckters. »Durime themmotien, the sleeve as 
primarily subjected to accelerating forces in the 
axtal direction, and in a coasval situatmen the smadiak 
forces have no resultant. Nevertheless, deviations 
from this ideal situation can cause an uneven 
CEE GLOUMION “Of racial forces. PYso, MSEOMPOCMeENE Ss Mer 
motions in transverse directions can result from the 


action of these uneven radial forces as well as result 
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in oscillations around the sleeve mass _ center. 
Contact between the sleeve and the barrel can result 
which will cause degraded performance of the launcher 
and may damage the launch tube. The forces acting on 
the sleeve can assume the characteristics of a 
Beseoring force in the Weseresitew direcrrommct Stine 
deviation that will support the projectile to avoia 
contacts with the barrel (Wang, 195). 

During the transitions between sections, a 
possible mismatch of the currents in the sleeve with 
respect. tO thew cumeentsai npn. the parive Veoimks Cal cause 
hOrees VEbhat Vwal] “Seno =iemernercase the Geviation Trem 
the coaxial condition. Also, there are other 
conditions that can cause contact between the sleeve 
and the barrel can occur during the transition between 
sections When the sleeve has partially left the 
first section, the thrust force is mainly concentrated 
towards the rear of the sleeve. If the axis of the 
sleeve is not aligned with the axis of the barrel, 
then a momentum acts on the sleeve that can increase 
the differences in the alignment of the axes 


Mascilane, “3S=D," 25m 
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When the coaxial alignment in a linear induction 
launcher is broken, Six degrees of freedom are 
required to fully describe the motion of the sleeve; 
however, only three degrees of freedom are used in the 
following model: x and @ are used to describe the 
transverse motion of the sleeve and z coincides with 


the axis of the barrel. 
Figure 23: Coordinate System 


a 


In Figure (23) above, x represents the position 
of the mass center of the sleeve and @ denotes the 
angle of rotation of the sleeve axis with respect to 
the barrel axis. It is assumed that the transverse 
MeErtOn = is the “years has no “component, no TOtation 
around the x-axis and no spinning 1s present 
(Musolino, eS Daas Vice EP The electromechanical 
analysis is performed by means of a numerical method 


(HSCOSLEO) 
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Figure 24: Elementary Volumes 





Consider a cylindrical aluminum sleeve that is 
Susi wtecau nEOuwsceeors aS Shown in Figure (24). By 
connecting the centers of nearby elements, a three- 
dimensional grid can be obtained. New elementary 
conductive elements are associated to the segments of 
Ee, “Cad see Figure (25). Only the components of 
the current density parallel to the associated segment 
have any value inside the new volume elements where 


the current is assumed to be uniformly distributed. 
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Figure 25: Elementary conductive volumes 





The fields and potentials produced by these 
currents are evaluated by integration over the 


elementary volumes. 


Ax(t) = 7 > I(t) Jn In (85) 


Be(t) = V x Ae(s) (86) 
Ohm’s law inside every conductive volume is 


defined as 


p, Jet) = -VV, (1) - 


es + v(t) x Be(t) (87) 


A, is the magnetic vector potential in the k-th 


volume. -VV,; is the irrotational component of the 
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electric field, v, is the velocity relative to the flux 
demsitey By, ame J; 1S the current density. 

Next the expressions of the fields and potentials 
as a function of the currents in the systems are 
SUDSELEUECO Peineo Ohm’ s -law, and the result is 


projected along the direction of the current in the k- 


th volume. Averaging the result over the surface S, 
yields 
Ni E N, 
R1,(t) + 2 ib ai [,(t) + 2 GLY =) (88) 
j= j= 


Uy, 18S the potential drop, Rr is the resistance in 
ae Ket Svoiume, Lix is the inductton cociticiege 
between the j-th and the k-th volume, and  K;, 
represents the electromotive force due to the relative 
motion of the k-th element with respect to the j-th 
Ome MUSSkEInO, Sb; 3). 

These coefficients are dependent on the relative 
motion of the volumes and need to be continually 
updated during the motion of the projectile with 
respect to the barrel. The analytical expressions of 


the fields and potentials produced by the cylindrical 


Nh) 


—- a 


es 





: 
: 
’ 
| 





sectors can be quickly evaluated by means of Gaussian 


quadrature formulas. 


Figure 26: Electric branch of the equivalent network 


Pi We 


Mee Ly: 
Be NAA Ppt 
Ry Ly Ene: 


Equation (88) represents the electric equilibrium 
equation of the branch of a network shown above in 
Figure (26) where a resistor, an inductor that is 
coupled with the inductors of the other branches in 
the network, and a voltage-controlled generator are 
all present. The Entk Generator is controlled by the 
currents in the branches of the network representing 
the moving elements with respect to the k-th volume. 

Once the current distributions in the sleeve are 
known, the calculation of the thrust force can be 


performed using the Laplace formula. 
f(t) = | Je(t) x Bed (89) 
ry 


Jy 1s the current density in the k-th element, and 


Ps eNO bux CONS) Gy MUSOLIMNO@, SU 5-4) 


like 





The results of these force equations and of the 
torque have to be introduced into the motion 
equations. Also if the sleeve comes into contact to 
the barrel, the contribution of the restoring force 
must be taken into account. It is assumed that there 
is an elastic deformation of the barrel and that the 
restoring forces per unit length are proportional to 
the local displacement (Shokair). Also, a drag force, 
which is proportional to the restoring force, acts on 
the sleeve. 

A single-step time marching algorithm is used for 
the resolution On the differential equations 
expressing the electric equilibrium of the equivalent 
network. The magnetic fields can be calculated and 
then the magnetic forces acting on the elementary 
volume of the sleeve can also be calculated. By 
summing the forces on all of the volumes, the total 
LALUSt “Hee eCwcwOoUunG == “uSOoliInGo, “~S=p era: The 
entire procedure can be summarized in five steps. 

iIniewatly ze the currents ow the equivalent 

Sreetric network at time t—to: I(to)=lo. Also, 
iitetaurze the Position, the. velocity, “ane. ence 


time step At. Set Fo=0, TM=0, and n=l. 


lig 3) 





Next, evaluate the matrices of the self and 
(Milica eeneMichamees (hs) and §o8 the motional 
bers slo eae, ENe- CQUuL i br rim eQuallons OG 
the network need to be assembled by means of 
mesh analysis. 

Now the currents in the equivalent electric 


network can be calculated using a single step 


time marching algorithm: 


+ PB At (90) 


where By = (1 +2 a(R, +K,)) (Us (A+ K,)les) 





From the currents that have been calculated, the 
force F, and the torque t acting on the sleeve 
can be evaluated. Where M is the total mass 
and G is the moment of inertia with respect to 
a transverse axis, the acceleration, the 
velocity, the position of the mass and the 
eigen Or =rOuCaelON WlEn Lespece TO witewvexisS of 


the barrel can be calculated as follows: 
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Fim Se) (91) 


2M 
Veo = Viel ree (92) 
ee + — IN (93) 
: FOES hdl Sa 
oO, = — 94 
: 0G (94) 
@, = @,., + @,Af (95) 
, = 9,_, + DP nit Dnt At (96) 


— 


The last step is to increase the value of n 
(n=n+1l) and repeat starting at the second step. 

These steps assume that the displacements during 

each time step (At) are small enough so that the 
elements Li, amd Ki, remain reasonably constant. This 
condition can be used to control the time step as the 


velocmey ineweases (Musolmme, “S=B,7” 4-5). 


Figure 27: Two section linear induction launcher 


B.cining af tbe 
scvnnd oociaii 
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Figure (27) above shows a two-section linear 
induction launcher that this model was used to 
analyze. ine ssst SSecllonmeconswsts Of wsisewequal ly 
Sized coils that are excited by a three-phase set of 
currents at a constant frequency. Each coil has an 
miner eras OL WZe75 CM, AaNewOutLeCBaclismer 3eemem and 
a height of 1.5 cm. The space between adjacent coils 
Sh ec Omicnrt The second section is composed of twelve 
coils with the same dimensions and spacing as the 
fie Sit SeSiawon . The frequencies of the exciting 
generators are 1250 Hz in the first section and 2500 
Hz in the second section. Eacn coil is energized at 
ENC IMSEant Olezero Current crossing. 

The sleeve, Or projvect ike is§ an aluminum 
Gylineer of amminner radius of 2.0 cm; am Outer radius 
OF 2.5 cm, aad a length” of 15 cm. The sleeve 1s 
Subdivided into 15 equal parts along the axial 
Girection, am@weach resulting rigig is fuxther divided 
in 12 sectors. The initial position of the sleeve 
inside the first section is characterized by a 
displacement of 2.9 mm between its axis and the axis 


of the barrel with both axes being parallel. 
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Pi Cie dR Toohrome launcher, only the Seceilon 
of the barrel in which the sleeve is located is 
excited. This experiment investigated the behavior of 
the launchergwith different instants of the firing of 
the second section. These instants were chosen with 
the leftmost position of the sleeve with respect to 
the beginning of the second section. The simulations 
were PeriOmmeae waren displacements of -3.5, =2.5, —-1.5, 


—Omo  Ono>. lar e ooo ond 5.5 Cem MusSOlamo, “3S=D. 7 6). 


Figure 28: Velocity profile for different values of the initial position in the 
second section 
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Figure 29: Velocity profile for different values of the initial 
position in the second section 
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Figures (28) and (29) above show the velocity 
profile for different displacements. The highest 
muzzle velocity was obtained at a displacement of Q.5 
Cm For the other displacements, the figure shows a 
braking effect at the transition point. This is 
possibly due to a mismatch of the induced sleeve 
currents. This braking effect lowers as the firing 
position moves towards the beginning of the second 
SSemaone MuUSOLINO, “S-D,” S-7).. 

This analysis of the motion in a two-section 


linear induction launcher has shown that the choice of 
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the Emre emg of he. seeone section’ Gan. greatly 


influence the performance of the muzzle velocity. 
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Chapter 15: Conclusions of Electromagnetic Theory 


In this section, many aspects of electromagnetic 
launchers were discussed. The differences in the 
railgun and the coilgun were explored. Not only were 
the conceptual differences noted but also how they 
Pesrorm- it was shown that the railgun is a simpler 
design than the coilgun and is also able to be made in 
smaller sizes. On the other hand, the coilgun is more 
complex but also more efficient and does not need the 
sliding contacts that a railgun does. 

Next, the stresses on electromagnetic launchers 
were discussed. These were used to develop an ideal 
meee on sa coi lgun. In this complex analysis, the 
effects of the gap size and the thickness of the 
mevang CONG@WeLOr Of the barrel and of the prejecuile 
were shown. This analysis also showed the relations 
between the sheet currents of the barrel and of the 
pmueyeeer le, 

Then, the JAM Gak2ons Ca a coilgun were 
Gaseussed. This analysis showed by establishing 


Semiain “Gesigqn  COnStraines that Many) Pertomiance 
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characteristicsmor =the comloums Gann be round. Eve ne, 
EieweOwermizaetOn OL ENG COltgum “can be achieved by 
adjusting certain variable ale iq eb eS After that, 
scaling relation were established. These relations 
can be used to design more cost effective prototype of 
larger electromagnetic launchers. 

Pe ieaeey, the reactions at transition points 
between sections were explored. This shows that the 
exact timing of section energization needs to be 
determined on an individual basis 1S achieve 
Sor LmMsZat10On. 

All of the investigation establishes all of the 
necessary theory for the design of an electromagnetic 


launcher. 


121 








SECTION IV: POWER SYSTEMS 


Section IV is a review of the various power 
systems available for linear induction launchers. 
Chapter 16 18S a general overview of the different 
power systems. Chapter 17 is a more in-depth review 


of the pulse forming network. 
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Chapter 16: Pulsed Power Systems 


Railguns and coilguns rely on pure 
electromagnetic forces to accelerate projectiles to 
high velocities. Therefore, substantial energy input 
is needed at the breech of the gun for each shot. The 
required breech input energy is derived from the 
mission requirements of the gun including efficiency 
anOemuz Zea velocity In Agee Ona tosthe <enerqy pusise, 
it is necessary to provide average power to the 
electrical system at a rate that matches the firing 
rate of the electromagnetic gun. TO» SUD EY” saber 
DOWiemyes a OGM sMOVeT segs nGeernal COMDUST 1 Onmengame, 
gas turbine, or nuclear reactor) and a generator with 
a transformer/rectifier must provide electrical power 
to the energy storage system (McNab, “Pulsed,” 453- 
oe 

From the earliest days of electric gun research, 
the pulse power systems was recognized as one of the 
most critical components for successful development. 
Achieving high levels of energy density (several 


MJ/kg) in a system that stores and transfers 
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electrical energy is very difficult. However, there 
are many options for such systems. 

One of the earliest energy storage systems used 
in electromagnetic launchers 1S a capacitor bank. 
Capacitor banks offer a few advantages including the 
wide availability of components and their low costs in 
small sizes. Simple experiments were conducted where 
banks were used with undamped oscillating output 
currents whose characteristic time period is matched 
ver the S‘eeemeit time of the projectile. These 
experiments did usually result in substantial current 
variations and very non-uniform acceleration. In some 
cases, the averaged fluctuating current has been 
accepted as an inexpensive way LO undertake 
experiments. The better arrangement is to crowbar the 
circuit after the current has reached it peak value 
thee witieleewexteme mihe hitgh current pe®tion ofthe 
Sum puEseulLse “WieNaee “Pudised,” 455-456) 

Despite the crowbarring of a single capacitor 
bank, current drops can cause inefficiencies in a long 
launch. Therefore, a preferable design is the 
Subdivision et the Capacleor into separate 


independently triggered modules that is called pulse 
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forming networks. Pulse forming networks can provide 
a flat-topped pulse by using several modules that are 
separately triggered to match the transit time of the 
projectile of the barrel. 

To get the desired high initial acceleration, a 
high energy module is initially fired and _ then 
followed by the subsequent discharge of smaller 
modules. Because the projectile is travelling at 
higher velocities further down the barrel, the later 
modules generally have smaller inductors in series 
with the capacitor modules to achieve faster current 
Prce=riMmecomeNab, @xperiments, 3358-343). 

While pulse forming network can efficiently 
transfer the storea energy to the launcher, they do 
have some complications. One problem is that the 
CUEDUE Switches “that “conmect each stage to the iead 
must prevent current from later modules from being 
partially discharged back al glee, earlier modules 
AuCgSssurgen, sre s5) If this discharge is not taken 
into account, considerable amount of stored energy 
could be lost before it reaches the barrel. 

ies sanegte Larges: COnmEributor Go “Ete ereral 


system size and mass ina pulse forming network is the 
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Capacitors in which the energy is stored. The energy 
Stomee™ in=Wawediteleerric is proportional “toe e'the 
dielectric constant ior ke For many years, the 
Stane@enras: in Theme apaemeore Industrys® were" capaciaers 
that used paper dielectrics with foil electrodes. 
Now, plastic films sie as polyethylene, 
polypropylene, and polyvinylidene fluoride provide 
better performance. Polyethylene has a dielectric 
constant of 2.1 and a stored energy density of 0.37 
MJ/m*?. Polypropylene has a dielectric constant of 3.25 
AnCm NN aMEEStOrecdenemgy dénsity=ect Is \aeM0 7m. 
PedywanydaGene fluemide has ae dielectric constant mer 
WOMene wamciemed Gemeroy “Gensitvaot-7 Ma/m. While gene 
polyethylene and polypropylene provide adequate 
dielectrics, the newer polyvinylidene fluoride is much 
better. The only problem with the polyvinylidene 
fluoride is that the energy density is non-linear so 
ie US MGre dimer neult LO characterize, less ecmeneieud 
and more difficult to integrate into a system (McNab, 
VEWiscad,, 456.) . Therefore until new materials are 
developed, it can be concluded that pulse forming 
networks are not a feasible energy storage device for 


lunear iaeauctive Launchers. 
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One alternative tO capacitors aS an energy 
Storage device is the use of homopolar generators. 
Unfortunately, homopolar generators deliver a low 
voltage so a pulse compression stage must be added 
where the energy is transferred into an inductor for 
temporary storage as magnetic energy. Getting the 
eiergy Ineo EMe anemM@ctor 42S Simple but getting ete 
energy from the inductor to the launcher requires an 
opening switch. This opening switch needs to be able 
gemmcarey ae ll teonmGULrOne= @Uring InNGuUelor Charging sand 
also needs to be able to open quickly against the 
current when the transfer is required. It is the need 
for an opening switch and storage inductor that makes 
the homopolar generator an impractical energy storage 
device of linear induction launchers (McNab, “Pulsed,” 


how eae 


27) 


Chapter 17: Pulse Forming Networks 


The power source needed for linear induction 
launchers must be capable of delivering high current 
pulses for a long duration. The L-C ladder network, 
or pulse forming network, 1s able to meet the demands 
of the linear induction launcher. One way to optimize 
an L-C ladder to adopt time domain procedures for a 
nonlinear load. This procedure reguires a 
considerable amount of simulations. Another way to 
optimize the L-C network is to develop simple 
mathematical relations between the rise time, the 
duration, and the magnitude of the pulse. These 
relations will allow the values of the capacitance and 
inductance of the branches to be determined (Di Capua, 
594=550). 

In order to develop the equations necessary, 
several design parameters must be given. These 
include the total pulse duration(t), the pulse rise 
Came(t. |, ENS DUlse Veymngeemme (tT), and the pulse tart 
time(ts). From these values the ratio between the rise 


EMiomanc fac wv rotal came (fl) can be found. Also, the 
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initial charged voltage (Vo) must be given. Also given 
will be the required pulse current amplitude (Ig), the 
required current delivered to the load (ig), and the 
real current delivered to the load (11). 

To begin the design, it 1S assumed that the 
electromagnetic launcher is represented by a linear 
resistor (R,). The input data for the design procedure 
is the pulse duration, the rise time, the amplitude of 
the current, the number of sections of the L-C ladder 
network and the equivalent resistance of the launcher. 
See Figures (30) and (31) below (Musolino, “Pulse,” 


oe. 


Figure 30: Required Trapezoidal Current Pulse 











Figure 31: Lossless L-C ladder network. 


Taking the input data and applying Guillemin’s 
theory, the values of the capacitances and inductances 
of a network with parallel branches can be determined 


(Guillemin). See Figure (32) below. 


Figure 32: Auxiliary Parallel Network 


ie id 3 go 
tg 
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Although it is impossible to generate an ideal 
rectangular pulse from a lumped parameter network, it 
1s possible to design a network that delivers a pulse 


with a very short rise and fall time. 
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Consider the Fourier series for a trapezoid 


Wave. 
| - . kat 
it) = by + > db, sin — (98) 
k=) Tt 
where pas = i i(t at 
: 2 
and b, = as | «@) ee i (99) 
20 i 


The current that each branch delivers to the load 


is as follows. 


G.. —t 
i.(t) = V, |— sin 100) 
at 7 2 wa 


From a comparison between equation (100) and the 





coefficients of the Fourier series, the values of L, 


and C, can be found. 


Vor 
etna (0H) 
41, - —— 
k7ma 
_ 41,7 sin kxa 
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These equations define a network of a given 
number of L-C sections that resonate at a frequency of 
k/2t arranged in parallel (Musolino, “Pulse,” 481). 
The inductances have an appreciably distributed 
Capacitance that will actually shunt them and tend to 
spoil the pulse shape. Also, the condensers have a 
wide range of values which makes manufacturing 
Glpeueele wane expensive AGlacec) . 

By taking the auxiliary network, an equivalent 
ladder network can=be froumd by  Ccompering the output 
impendences of the networks. The impedance of the 
parallel branch network can be found where n is the 


number of the branches in parallel. 


n 


[1+ °4<G) 


z At (103) 


— > sc] J (1+ s°L,C,) 
k=l jel 


j#k 


The impedance of the ladder network can be 


Written by making use of a  commmniucdseeaeuion 


expansion of the reactance and the admittance. The 
expression can be derived from equation (103) by 
dividing the numerator by the denominator. i Se wiedell 


[32 





yield Ly. Then inverting the remaining fraction and 
Giyerging ~agamin Beet aela C, and so on until the 


expression is found. 


LL (104) 


! 


The above ladder network will be completed with 
Ee “AC01E HON Or Pagasitic parameters. The parameter 
values are considered to be in proportion to its 
corresponding elements. There are usually a parasitic 
inductance (Lc) and resistance (Re) in series with the 
capacitors and a parasitic resistance (R,) in series 
With che SimeuecEeor. The parasitic values are usually 
given by the manufacturers and can be controlled. See 
Biguce mes) below fEor a =eemplere pierure (Musolino, 


WP See 4 Bde 





Figure 33: Complete L-C Ladder Network 





By using a minimum square deviation performance 
index, the complete pulse forming network can be 
optimized as shown below where W; are suitable weights, 
ila{t) is the required current, 11 is the obtained 


current, and m is a suitably large natural numbers. 


mn (U+l1)r 


O= > W, [lio - sofa (105) 


J=9 jt 


The loop currents in Figure (33) can be expressed 


iii Gap iaee Ss er Ori). 


(s° OC ee Se Cage, a Cy deni, Yipes 


j “jel J ~j+i 


See rere erer es rere | 
IS*C,Cya(Z; + Le, + Lon) + 8G Cua(R, + Re, + Re J+ C+ Ga] 


jv +i 
] 


den(i,_,) - Is°C,C Le, + 8C,C 


J jr) jt) 


(106) 


R. + Cs prae( i.) 








S VC,,den(i,_, ) . 
7 °C, (L, + es) + GUS + Ro + lee] + i 
i 


Se (107) 
den(i,_,) — Pehle a AG Steer ar Iau, 


Num (1 ) and den(1) are the numerator and 
denominator Ou the expression one the current 
respectfully where num(io)=0 and den(ig)=1. Vo 1s the 
Ifttilal, eEhargead vOPeageou(Musoline, “Purse,” 481-402). 

From the knowledge of the loop currents, the 
Currents in the bramwemes of the network can be found. 
The Current in thew@imaductonm cf the herizontal branches 
1s equal to the comsesponding le@se current. Also, the 
CHereniawm the Mweapacrtrer Yormene j—th vertical branch 
TS ene Toeme "eis Gelter ci -ememeweceuecevecen Wand is-, 7 the 
expressions of the currents versus time are obtained 
from the inverse Laplace transforms of equations (106) 


and (10/7). Mm particular, Equation (107) becomes 


i S 2\,| cof IM,t + PH, )e™' (108) 
i=] 


Re; and Im, are the real and imaginary parts of 
Ghee i=almepote. 91, 165 the module of the I[=Eh res#ene of 


the partial fraction expansion of equation (107). Pin 
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is the phase @f the i-th residue of the same, partial 


hircac milion « 


Also, the integral in equation (105) can be 


solved analytically (Musolino, “Pulse,” 482). 


LE 


ie 
RE; RE; +IM; |. 


|< +E] ote 


2 2RE,t 


| [i,(t) - i,(t)] at = > 2 e 








+S SA all 























> T, 
| ih). pert MK yy E 
S44] ; RE; M M 
iel 7, M | 
cae a __ ye Ili j\e : a 
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IM. , IM2K | 
| |e om Scar ie 
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= ts M 
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where 
A = RE, co{2/M,t + 2PH,) + IM, sin(2/M,t + 2PH,) 


B= RE, + RE, 
CS (ns, “tals os (1M, - IM, + PH, - PH,) 
“0 IM,) sin((IM, - IM,) + PH, - PH,) 
D = (RE, + RE,) + (IM, - IM) 
E = (RE, + RE,) cos (IM, + IM,)¢ + PH, + PH,) 
zo + IM,) sin{(1M, + IM," + PH, + PH,] 
(RE, + RE,) + (IM, + IM,) 


II 


oft be - 1) 
= co{/M,t + PH,) 
sin(JM,t + PH,) 

RE, co{/M,t + PH,) + IM, sin(IM,t + PH,) 
RE, sinIM, + PH,) - IM, cof{JMt + PH,) 
(RE) + (1M) 


f= 
G 
H 
a 
K 
L= 
M= 


With the above equations, the optimization of the 
pulse formed network defined in equations (101), 
(OZ. (80S), and (104) can be completed: This pulse 
forming network should be able to act as the power 
Supply of an electromagnetic launcher when given the 


correct design parameters (Musolino, “Pulse, 482-483). 
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SECTION V: THE ELECTROMAGNETIC GUN 
EXPERIMENT 


Section V discusses an experiment to test the 
precision of an electromagnetic gun. Chapter 18 
describes the theory behind the experiment. Chapter 


19 is a review of the experiment itself. 
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Chapter 18: Electromagnetic Gun Diagnostic Theory 


A magnetic field probe is a small conductive loop 
that will produce an output voltage proportional to 
the wame rare or) Change cf the magnetic fElux linkang 
the loop. In the past two decades, magnetic probes 
have been one of the primary diagnostic tools used to 
assess the performance of railgun-type electromagnetic 


launchers (Parker, 437). 


Figure 34: Schematic drawing of plasma-armature railgun. 





Te IWeeitste  wropesey Of magnetic “field proses 
is that they are sensitive only to the component of 
the magnetic field perpendicular to the plane of the 
loop. The magnetic field probes do not respond to the 
fields parallel to the plane of the loop. This can be 


expressed matnematically where the voltage generated 
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ae 


by the loop is in terms of the loop geometry (Jamison, 


40S=406)4 


a na = (i-3) (110) 


The number of turns iS represented by (n) and the 
area of the loop is (A). The dependence on 
orientation is introduced through the unit vector (n) 
that is normal to the plane of the loop. 

By substituting the Biot-Savart expression, an 
expression for the output voltage can be found in 
terms of the source current (j) and the vector 
distance (r) between the source current and the 


measurement point. 


_ HWA dp (AX IVF Gy (111) 
a 4n dt FP 


Because the vector product (n x Jj) is equal to 
zero’ for (j || n), this shows that the magnetic loop 
measures all of the currents except for those parallel 


to the loop normal (Parker, 487-488). 
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Figure 35: Geometry for calculating the armature current probe response in the 
current filament approximation. (Parker, 489) 





The response of a magnetic field probe to the 
currents in a railgun can be analytically for only a 
few simple current distributions. Two of the more 
common assumptions are the current filament model 
Shown in Figure (34) and the current sheet model. The 
current filament model gives a good estimation of the 
magnetic field when (d >> h/2) and (d >> w/2). The 
value of (h) is the bore height plus a fraction of the 
remieeitekness (~30%). The value (w) represents the 
width of the discharge and (d) is the distance of the 
Omeeoe irom thes Z-axis im the direction of the x-axis. 
In general, the current filament model is adequate for 
estimating the probe Somer strength and sue 
investigating the probe response function in the limit 


qd—-> oO, 


14] 





When the probe spacing becomes comparable to h 
and/or w, then the current sheet model gives a better 
approximation for the magnetic field. Both models 
assume a current distribution that is singular in the 
axial direction. 

The coordinate system and probe geometry for 
armature probe calculations are shown in Figure (35). 
This figure illustrates the current filament model. 
The current sheet model follows by spreading the 
current uniformly in the x direction over the interval 
-w/2 $ x $ w/2. The primary calculation presented is 
the flux linking Bie prebe. ecm. This is the signal 
that is generated by integrating the coil output 
voltage. It is assumed that the entire plasma moves 
de a. commom velocity: vez,t)) = vlc ALSO, it es 
assumed that the current does not vary with time: o1/dét 
= 0. These will always be held true if the input 
Current is @e@eonstanc .(Parkery™ coy asc. 

In the following equations, the number of turns 
is given as N, A is the area of the coil, @,"*(t) is the 
Mie toning al ermMatuRe "probe At Ieearlem =2,,6moue 
do/dt denotes the direct output signal. The following 


eeaeer met loOnS oe VhOCateO desk) — C,) yy — 0, ma 25= 2, 
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Current Filament Approximation 


NAI{ dd h 
g(t) = = a2 7 oe (110) 
a + 2p) Jd? +25 4+ (h/ 2y 





4, _ 3MNAlv d ey? 
= ae er : x) alia) 
(a? +5) (=f + a? + (a / 2)) 
Current Sheet Approximation 
(d+w/ 2) +(h/2) +22 -(h/ 2) 
a+ wih 2) (hel 2) FE 7 2 
63) = in ( me he = (112) 
; (d-w/2) +(h/2) +25 +(h/ 2) 
| aw af + (hs 2p +2 - (8/2) 
Be Sie 
\(d + w/ 2) + 2ihy(d + w/ 2V +25 + (hs 2y 
g4(n) = HOM 4 ‘ (113) 
47w _ ] 





\(d - w / 2) + =3| (d-w/ 2) + +(h/ 2 | 
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These equations can be used to describe various 
probe responses to an armature whose entire current is 
concentrated at a single axial location. These 
formulas can be used as the stating point for a 
calculation of the probe response to an armature with 
a CUlMmrCN EMG SErISNEI1ON <J(Zemn An example is to 
calculate the armature current probe response in the 
current filament approximation by using equation (110) 
to find the response to a current element located at a 


POltewes \Parner, 490-499). 


HoNA J, (2)dz Zi 
d° 


dg, (t) = ae 


(114) 
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Chapter 19: Electromagnetic Gun Experimentation 


As has been discussed earlier, magnetic field 
probes can be used to assess the performance of 
electromagnetic launchers. Them@eutpumevoltage of the 
probes iS proportional to the time rate of change of 
the magnetic flux. By measuring the output voltage 
produced by the magnetic field loops, the velocity of 
the armature can be found as the exact location of the 
loops are know. 

To demonstrate this theory, the B-dot plots were 
used to analyze the plasma armature motion of the 
bench test railgun (BTR). B-dot is the common name 
given to the rate of change of the magnetic flux 
density (i.e. dB/dt). These plots show a comparison 
of the B-dots versus time. The bench test railgun was 
designed as a plasma armature railgun that would 
eventually have a power injector added. Its purpose 
would then be to accelerate the powder to a very high 


rate of speed. A diagram of the BIR follows. 
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Figure 36: Geometry of the gun rails and the diagnostic coil. 





A program was written where the plasma armature 
was divided into 10 discrete current sheéts. The 
program then calculated the B-dot coil outputs based 
on the superposition of equations (112) and (113). The 
ten current sheets were also assumed to contain 
current in the following percentages from the front of 
Enemearmature working to the srear: 350, "E4, 98, ai 67m. 
pags, 22 ee baie mama lee A simulation based on the program 


follows. 
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Figure 37: Predicted B-dot voltage for the BTR tests. 


BDOT 





= 
a 

The B-dot coils in the bench test railgun had 30 
turns and were wrapped on ai1i.5 mm diameter form. The 


location of the coils were 0.5 in. from the centerline 
Of ENeCmEmnR thab had a bone Gimens:oneor 0s, 29. by U.5 
ie Mens LD = 0.5 1n., Wee sein., andy oy = 025. aa.) 
The output data shown from the program in figure 
(37) is found to be in good agreement with the actual 


data that was recorded during the BTR test series. 
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The result from the BTR experimental not only shows 
the accuracy of the simulation but also shows the 
consistency of the launcher. The data also shows that 
the armature is only affected by the parts of the rail 


in its immediate region. The experimental results 


follow (Zaworka). 


Figure 38: Current waveforms for 10 shots using ceramic sidewalls and Inconel 
718 rails in the BTR. 
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Figure 39: B-dot | waveforms for 10 shots using ceramic sidewalls and Inconel 
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Figure 40: B-dot 2 waveforms for 10 shots using ceramic sidewalls and Inconel 
718 rails in the BTR. 
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Figure 41: 
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Pressure transducer #2 waveforms for ten shots using ceramic 
sidewalls and Inconel 718 rails in the BTR. 
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SECTION VI: CONCLUSIONS 


ine HOmiewreag —SECLION  ConltainsSwewo “Semaplersm 
Cheaprer 20 “comtains the overall conclusions oi Chats 
paper. Chapter 21 consists of some thoughts to 


improve the design of some electromagnetic launchers. 








Chapter 20: Overall Conclusions 


Lig general, the paper shows that the 
electromagnetic launcher has the capacity to be used 
as an aircraft carrier catapult. Specifically, many 
items were discussed. First of all, this paper gives 
a comprehensive treatment to both railguns-= and 
coilguns for low and medium velocities. This includes 
an IM-CepeEn history Of the ailrecrart cataoule ane “alse 
a study of the theory behind the electromagnetic 
launcher. Also, the limiting factors of Such 
macroparticle accelerators were stressed for the 
specific application of aircraft launchers. The 
conditions imposed by aircraft launchers were then 
established. Te OuG fa this GisGussacon, ie was 
established that the railgun would not be as effective 
as the coilgun for the purpose of aircraft launching. 
Finally, it was shown that the diagnostics of the 
electromagnetic launcher (e.g. position, velocity, and 
acceleration) are fundamental to the design process. 
The B-dot readings (i.e. dB/dt) were able to fully 


describe the final performance of an electromagnetic 


I> 





launcher. With these tools and analysis, the design 
of an electromagnetic launcher can be accomplished to 
effectively launcher aircraft from the deck of an 


aMmeeretdeeCALCrIer . 
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Chapter 21: Thought for Improvements in Electromagnetic 
Launchers 


After reviewing previously designed aircraft 
catapults, the theory of electromagnetic launchers, 
the power systems for EML, and an electromagnetic gun 
experiment, many things can be concluded. ig) 
particular, these conclusions can be drawn when the 
newest design of an electromagnetic aircraft launcher 
is taken into account. 

ie fyese Conclusion ws enae=arreral t raunchimg 
technology has had to continue to evolve as the 
alrcraft have evolved. fe is  2lSC 7 ebvicis Stare. nimbe 
naval aviation has grow by leaps and bounds in the 
past four decades, the launching technology has not 
Changed much from the 1950’s steam catapult. Another 
conclusion that can be drawn is that the theory of 
electromagnetic launchers has been sufficiently 
developed so as to meet the needs of an aircraft 
catapult. As a matter of fact, the theory shows that 
a very efficient catapult can be built without testing 
the limits of electromagnetic launchers. Pitta Wig, cme 
HOse 1teerkant CONRCluSlon 12S Ehat 2t IS pessiele seo 


design and build an electromagnetic aircraft launcher. 
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Unfortunately, while there are many positives to 
the use of electromagnetic aircraft launchers, there 
are a few drawbacks to their implementation. 


One of the biggest concerns is the power system 


for the launcher. In Kaman’s design, the power system 
consisted o£ four disk alternators and a 
cycloconverter. While the cycloconverter appears to 


be able to perform its task, the disk alternators are 
the cause for some concern. First of all, the disk 
alternators are large rotating machines that would 
have to operate at very high speeds (6400 rpm). inwea 
laboratory, high-speed rotating machines perform well 
where their fragile nature will not be affected. On 
anmmalrerart Carrier with “bien = winds and rovemeeseas, 
the disk alternators could experience enough jarring 
EOm not “omly “reduce “them efirerwency “sure raiso= te 
possibly cease operation. 

Another on the concerns Or an 
electromagnetically powered eran Gdeame launcher is 
electromagnetic interference. In order te Store Tie 
energy required for a launch, the disk alternators 
must operate at very high frequencies (~2100 Hz). 


With high frequencies can come unwanted electrical 
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Signals. While electromagnetic interference is 
normally undesired, it should be remembered that the 
alnexake catapult must launch. eiirewafimthae depend” on 
electrically equipment for every phase OF its 
operation. 

The largest concern when designing a new system 
is its efficiency. While almost any new design would 
be more efficient than the existing steam catapults 
(~4-6%), the electromagnetic launcher from Kaman 
Electromagnetics (~7/70% efficient) does not meet the 
optimal efficiency allowable by the theory. 

There are areas for improvement, and ways of 
achieving this improvement must be found. One of the 


more obvious ways to improve the electromagnetic 


launcher is to reduce the frequency. Byemeeing thas, 
any potential problems ieeorn electromagnetic 
interference can been decreased. One of the more 


Obvious ways to reduce the require frequency is shown 


in the following equation: 


We Og 
In the equation above, it 1s shown that the 


velocity is equal to twice the frequency and the pole 


7 





Pi vem: The pole pitch is»the»length» of the windings 
in a particular pole. In Kaman’s design, the pole 
pitch was a constant 8 mm though the entire length of 
the launcher. Therefore, the frequency was the only 
Vameadolter factor™in the velocity. Conversely in the 
design by CEM-UT, the pole pitch was varied in five 
distinct steps. This means that the frequency in each 
of the steps need not be as high to achieve a similar 
velocity. 

Therefore, it would seem that dividing the length 
of the launcher into five regions of increasing pole 
pitch would reduce the need for as high of a 
frequency. Also, by using a power source with an 
increasing frequency along with the increasing pole 
pitch, the efficiency can be greatly increased. So by 
decreasing the frequency, benefits in efficiency and 
reduced electromagnetic interference can be achieved. 
The one drawback to the increasing pole pitches is it 
will make the coils segments less modular (l-.-e. 
instead of one size, there will now be five sizes). 

With some benefits reached, the very important 
problem of stability must be addressed. In the Kaman 


model, the power system is based on the performance of 
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four disk alternators. The disk alternators are high- 
speed rotary machines used to store a massive amount 
of energy (~ 121 MJ). The pulse forming networks 
provide a more stable alternative. The chances of a 
breakdown are less likely with the capacitor banks of 
a pulse forming networks than the high-speed rotors of 
the disk alternators. However, it should be noted 
that the energy density of the disk alternator is much 
higher than that of the pulse forming network (disk 
alternators ~ 18 MJ; capacitor banks in the pulse 
forming networks ~1.3 MJ). While the size of the 
pulse forming network can present a problem, it is a 
Siawiserice €O pay FOr Stability. 

ie Can. be concluded thaw) bye ie tii zingers a Ouse 
forming network and the increasing pole pitch sizes, 
the electromagnetic launcher can provide a feasible 
alternative to the current steam catapult. Noe only 
can the electromagnetic launcher provide an efficient 
means. tO latinch aircraft from the Geeks of ailverare 
carriers, but they can also do so with a high degree 


of reliability and safety. 
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APPENDIX A: CVX REQUIREMENTS FOR THE 21°' 
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MISSION NEED STATEMENT FOR A 21ST CENTURY TACTICAL 


AVIATION SEA-BASED PLATFORM (U) 


1. (U) DEFENSE PLANNING GUIDANCE ELEMENT 


a. (U) This Mission Need Statement (MNS) provides requirements for tactical aviation (TACAIR) 
sea-based platforms for the 21st century. It addresses the Department of Defense "Defense 
Planning Guidance, FY-1997-2001," dated 9 May 1995, requiring the United States to: 

(U) "... require the best equipped, best trained and best prepared military forces..." (p.1) 

(U) "The primary mission of United States military forces has always been, and will continue to 
be, to protect the nation from direct threats and to deter, and, if necessary, fight and win the 
nation's wars.... deter and, if required decisively defeat aggression by projecting and sustaining 
U.S. power in two nearly simultaneous major regional conflicts (MRC);... Some U.S. forces must 
be forward-deployed or stationed in key overseas regions in peacetime... This demands highly 
qualified and motivated people, modern, well maintained equipment, viable joint doctrine, realistic 
training, strategic mobility and sufficient support and sustainment capabilities.” (p.4&5) 


PARAGRAPH ON FORCE STRUCTURE REMOVED 


b. (U) This MNS should guide the 21st century TACAIR sea-based platform design, research, 
development and acquisition program decisions, service and joint doctrine, and cooperative efforts 
with U.S. allies. 


2. (U) MISSION AND THREAT ANALYSIS 


a. (U) Mission. The general missions of TACAIR sea-based platforms are to: 

(1) (U) provide credible, sustainable, independent forward presence during peace time without 
access to land bases, 

(2) (U) operate as the cornerstone of a joint and/or allied maritime expeditionary force in response 
to crises, and 

(3) (U) carry the war to the enemy through joint multi-mission offensive operations by; 

(a) (U) being able to operate and support aircraft in attacks on enemy forces ashore, afloat, or 
submerged independent of forward-base land facilities, 

(b) (U) protecting fnendly forces from enemy attack, through the establishment and maintenance 
of battlespace dominance independent of forward-based land facilities, and 

(c) (U) engaging in sustained operations in support of the United States and its Allies independent 
of forward-based land facilities. 

b. (U) Capabilities. The primary function of the 21st century TACAIR sea-based platform is to 
shelter, transport, launch, recover and maintain multi-mission tactical aircraft and tactical airborne 
systems suitable for sea-based operations. The core capabilities required for this platform to 
perform the above missions include: 

(1) (U) strategic mobility - it must have the ability to independently deploy/respond quickly and 
operate with sufficient tactical flexibility, whenever and wherever required, to enable joint 
maritime expeditionary force operations. 

(2) (U) sustainability - it must have the capacity to sustain itself, its aircraft and escort for 
extended periods without access to shore facilities. 
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(3) (U) survivability - it must be able to operate aircraft in hostile environments, protect itself from 
attack by threat weapons, and if hit, degrade gracefully and survive. 

(4) (U) ability to deliver precise, high-volume firepower - it must be able to operate sufficient 
numbers of tactical aircraft, and carry sufficient ordnance and fuel to conduct simultaneous power 
projection, battle space dominance and surveillance operations for extended periods. It must 
provide tactical air support to the Joint Force Commander. 

(5) (U) joint command and control - it must be interoperable and its communications suite must be 
fully compatible with other naval, expeditionary, interagency, joint, and allied forces. In addition, 
it must be able to operate as a Command and Control center, integrate information to develop a 
coherent tactical picture to support Joint Force, Battle Force, Battle Group and Air Wing planning, 
coordinate actions with other forces, and communicate the force's actions to appropriate 
commanders. The platform must have the capability to fully support a Joint Force Commander 
(JEFC) and under limited circumstances be able to host an embarked JFC. Connectivity must 
include seamless integration of both organic and off-ship sensor inputs for power projection 
actions. 

(6) (U) flexibility and growth potential - it must have the versatility to support current and future 
sea-based aircraft. It must have the ability to perform simultaneous multi-mission taskings and 
readily adapt to changing operational needs. In addition, it must have the flexibility to adapt to 
changes in future threats, missions and technologies. 

c. (U) Threat. 


PARAGRAPH REMOVED 
d. (VU) Shortfalls of Existing Systems 
PARAGRAPH REMOVED 


(1) (U) maintain required force levels for forward presence, crisis response and warfighting, 

(2) (U) maintain an effective industrial base to assure continued support for sea-basing, and 

(3) (U) take advantage of new technologies and design concepts that offer opportunities to develop 
sea-based platforms that are as capable, but more affordable than current platforms. 


3. (U) NON-MATERIAL ALTERNATIVES 


(U) Changes in doctrine, operational concepts, tactics, organization and training are not sufficient 
to address the issue of maintaining an affordable and capable sea-based aviation capability. 

a. (U) US. or Allied doctrine: Doctrine changes required without a 21st century TACAIR sea- 
based platform would include: Acceptance of a decrease ability to deter/contain regional crises; 
inability to project expeditionary force strike power from the sea; severely degraded ability to 
project precise strike power against land targets; and, inability to maintain meaningful, visible 
forward presence for coalition building which is "independent" of host nation support and 
operational 

approval. 

b. (U) Operational concepts: A 21st century TACAIR sea-based platform optimized to leverage 
technology to perform multiple roles in both open ocean and littoral/enabling warfare 
environments, will be needed to execute the operational concepts contained in the Joint Maritime 
Strategy. 

c. (U) Tactics: Tactics calling for the application of sea-based forces into the littorals, enabling 
follow-on forces as well as influencing nearby events, will place all naval forces at higher nsk as 
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technological development and proliferation of adversaries’ offensive systems grow. The TACAIR 
sea-based platform will aid measurably in the protection of those naval forces, but will need the 
enhanced self-protection systems to balance that growing threat. Simple changes in tactics would 
not provide the commensurate degree of protection that would be the result of building a new 
platform with greater self-protection areas of hull and bottom defense. 

d. (U) Organization: Organizational changes, such as increased forward basing and/or double 
crewing of carries, in lieu of procurement were determined to be infeasible. Acceptance of these 
alternatives may provide insufficient assets for crisis response or joint warfighting in a single or 
two nearly simultaneous MRC contingency. 

e. (U) Training: Training alternatives offering the potential to maintain force capability ina 
smaller force manned with fewer personnel rely heavily on holistic, embedded training. This 
training capability must be an integral part of the total ship architecture called out as a mission 
need in the 21st century carner. Future aircraft carriers must be ready to fight simultaneous multi- 
warfare engagements in littoral warfare that will proceed so rapidly that crew response times will 
be critical. Although improvements in embedded training and changes in training concepts will 
mitigate to a degree the increased threat, they will be insufficient in themselves without the benefit 
of survivability and defensive systems improvements. 


4.(U) POTENTIAL MATERIAL ALTERNATIVES 


a. (U) Alternative design concepts include: 

(1) (U) new ship designs, which may include nuclear or non-nuclear propulsion or 
advanced/unconventional hull forms 

(2) (U) a modified repeat Nimitz class carrier 

(3) (U) Mobile Offshore Basing (MOB) Concepts 

b. (U) The ongoing Nimitz class acquisition program could potentially address this need through a 

mod repeat program by capitalizing on advanced technology. However, to do this, it would need 

to employ a significantly different architectural approach in the design. 

c. (U) As part of their shipbuilding programs, various Allies have combat, hull, mechanical and 

electrical system programs ongoing of under development that offer possible cooperative 

opportunities. These subsystem designs will be examined. All meaningful cooperative 

opportunities can be realized without a formal cooperative development program for a 21st 

century TACAIR sea-based platform. 


5. CONSTRAINTS 


a. (U) Key Boundary Conditions. 

(1) (U) Architecture. The ship design must employ a total ship, aircraft and weapons system 
architecture/engineering approach that optimizes life cycle cost and performance; permits rapid 
upgrade and change in response to evolving operational requirements; allows computational and 
communications resources to keep technological pace with commercial capabilities and allows for 
full realization of the command, control, communications, computers, and intelligence (C41) for 
the warrior (C4IFTW) concept; and provides the capability to survive and fight hurt. More 
specifically this implies physical element modularity; functional sharing of hardware (across all 
services); open systems information architecture; ship wide resource management; automation of 
Command, Control, Communications, and Computers (C41), combat, aircraft support, ordnance 
handling, management; automation and minimization of maintenance and administrative 
functions; integrated systems security; and embedded training. The approach should also promote 
commonality with other ship designs. 
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(2) (U) Design. Consideration should be given to the maximum use of modular construction 
design in the platforms infrastructure. Emerging technologies must be accounted for during the 
developmental phase. Modern, flexible information processing must be built into any new 
weapons system. Since communication and data systems hold the greatest potential for growth, 
and therefore obsolescence, their installations must be modularized as much as possible to allow 
for future upgrades. The inherent vulnerabilities of communications and data systems requires 
information systems security to be engineered into the design. Use standard man-to-machine 
interfaces among the systems onboard. The man-to-machine interfaces should be consistent with 
existing user friendly systems. This capability must comply with applicable information 
technology standards contained the Technical Architecture Framework for Information 
Management (TAFIM), Volume 7, Adopted Information Technology Standards (AITS). 

(3) (U) Personnel. The platform should be automated to a sufficient degree to realize significant 
manpower reductions in engineering, damage control, combat systems, ship support and Condition 
IiI watchstanding requirements. Reduced manning concepts used by other Navies should be 
reviewed to leverage advanced technologies and future advanced technology concepts in an effort 
to minimize shipboard manning requirements. Preventive maintenance manpower requirements 
must be reduced by incorporating self-analysis features in equipment designs, and by selecting 
materials and preservatives which minimize corrosion. Manpower, Personnel and Training (MPT) 
analysis will be performed in accordance with OPNAVINST 5311.7 (HARDMAN). This analysis 
will recommend options to exploit the use of technology to reduce MPT requirements. Trade-offs 
which reduce MPT requirements will be favored during design and development. Final MPT 
determination will be documented and validated in a Navy Training Plan in accordance with 
OPNAVINST 1500.8. 

(4) (U) Backfit. Major functional elements of a 21st century TACAIR sea-based platform must be 
applicable to other forward fit ship construction programs. Consideration must also be given to the 
ability to retrofit into existing carner classes; however, this must not be done at the expense of 
achieving performance in new construction. 

b. Operational Constraints 

(1) (U) The 21st century TAC AIR sea-based platform must remain fully functional and 
operational in all environments regardless of time of day, whether conducting independent of force 
Operations, in heavy weather or in the presence of electromagnetic, nuclear, biological and 
chemical contamination and/or shock effects from nuclear and conventional weapon attack. 

(2) (U) Any 21st century TACAIR sea-based platform must meet the survivability requirements of 
Level II as defined in OPNAVINST 9070.1. Topside systems components shall be 
decontaminated through use of a countermeasure wash down system and portable 
Decontamination (DECON) methods. 

(3) (U) The 21st century TACAIR sea-based platform must provide landing and hangar facilities, 
and ammunition storage for operational support of required aviation assets. 

(4) (U) The platform must be able to operate in U.S., foreign, and international waters in full 
compliance with existing U.S. and international pollution control laws and regulations. 

(5) (U) All ship and combat system elements must make use of standard subsystems and meet 
required development practices. The 21st century TAC AIR sea-based platform must be fully 
integrated with other U.S. Navy, Marine Corps, joint and allied forces, and other agencies (e.g., 
Theater Air Defense Architecture) in combined, coordinated operations. For example, linkage with 
standard data bases from the Defense Mapping Agency (DMA) will minimize ancillary costs and 
promote maximum interoperability with the widest number of weapons and sensor systems. Joint 
goals for standardization and interoperability will be achieved to the maximum feasible extent. 

(6) (U) The platform must be able to embark Special Operations Forces (SOF) and Joint Forces 
when required for selected missions. 
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6. (U) JOINT POTENTIAL DESIGNATOR (JPD) 

(U) JPD overall is TBD. Service assessments are as follows: 

a. (U) USA. Recommend JPD of Joint Interest based on the interoperability requirements implied 
in paragraphs 2.b.(1) and (5) and 5.b.(5). 

b. (U) USAF. Recommended Joint Potential Designator for this MNS is "Joint Interest" due to the 
need to be fully interoperable with other services’ Battle Management/C4I systems. 

c. (U) USMC. No comment. 


(This following report is located at the Team CVX web site.) 
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